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(u)  This  is  the  fourth  written  progress  report  submitted  under  the  ARES  Program, 
Contract  AF  0Ji(6ll)-10830.  It  provides  a  sumssary  of  major  accomplishments  and  dis¬ 
cusses  the  technical  aspects  of  the  program.  The  period  covered  by  this  report  is 
1  April  through  30  June  1966.  The  progrfcoa  structure  number  is  63^096oU;  the  project 
number  is  682A. 

(u)  This  program  is  under  the  direction  of  Mr.  R.  Beichel,  ^fanager  of  the 
Advanced  Storable  Engine  Program  Division,  Liquid  Rocket  Operations,  Aerojet-General 
Corporation,  Sacramento,  California. 

(u)  The  program  is  sponsored  by  the  Air  Force  Rocket  Propulsion  Laboratory, 
Research  and  Technologj'  Division,  Eawards  Air  Force  Base,  California,  under  the  direc¬ 
tion  of  C.  W.  Hawk/RPRZ. 

(u)  Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the 
report's  findings  or  conclusions.  It  is  published  only  for  the  exchange  and  stimula¬ 
tion  of  ideas. 


Clark  W,  Hawk 
Program  flanager 
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(u)  The  objective  of  the  ARES  (Advanced  Rocket  Engine,  Storable)  Prograti  is 
to  deiaonstrate  the  engineering  p»*acticality  exnd  the  perfomance  characteristics  of 
an  advanced  storable  propellant  siodulor  engine  enbodying  high  chanber  pressure  and 
the  staged-combustion  cycle. 

(u)  This  fourth  quarterly  report  describes  the  technical  accomplishments  of 
the  reporting  period.  Generally,  the  period  vas  characterized  as  one  in  which  many 
analyses  and  designs  were  completed,  fabrication  of  many  components  was  completed, 
and  testing  was  accelerated.  The  most  noteworthy  accomplishment  was  the  successful  hot 
firing  of  two  different  modular  injectors  using  the  intensifier  test  system. 
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I. 

IKTRODUCTIOK 


(u)  Hie  principal  objective  of  the  ARES  (Advanced  Rocket  Engine-Storable) 

Prograai  is  to  demonstrate  the  aigineering  practicality  and  performance  characteris¬ 
tics  of  a  high-eharaber-pressure  staged* ccaabust ion  engine  module. 

(u)  The  modular  engine  is  a  highly  integrated  assembly  in  vhich  the  turbopump 
assembly  housing  combines  the  fuel  and  oxidizer  pumps »  the  turbine ,  the  engine  con¬ 
trols,  and  the  primary  ccmbustor  chamber  into  a  single  assembly.  Turbine  exhaust  is 
ducted  directly  into  the  secondary  combustion  chamber ^  vhere  additional  fuel  is  added. 
The  resultant  combustion  products  are  exhausted  through  a  cooled  20:1  area-ratio  nozzle. 
Thrust  from  the  rocket  nozzle  is  transmitted  through  the  turbopump  assembly  housing  to 
the  vehicle  frame. 

(c)  The  engine  is  designed  to  produce  100,000  lb  of  thrust  at  sea  level  and 
operates  at  a  secondary  combustion  chamber  pressure  of  2800  psia  using  NgOl* 

AeroZINE  5C  as  propellants.  The  engine  module  is  designed  for  ready  use  either  as 
a  single  unit,  in  parallel-axis  clusters,  or  in  forced-deflection  or  plug-nozzle 
propulsion  systems. 

(c)  The  modular  engine  uses  a  staged-combustion  cycle  in  vhich  all  the  oxidizer 
and  19S  of  the  fuel  are  injected  into  the  primary  cembustor  at  1*775  psia  to  produce  a 
turbine  working  fluid  at  approximately  l2l*0°F.  This  fluid  passes  through  the  turbine, 
which  operates  at  a  pressure  ratio  of  about  1.5,  at  a  mixture  ratio  of  11.5,  and 
passes  through  the  secondary  combustor  injector  where  additional  fuel  is  added  to 
produce  a  mixture  ratio  of  2.1  in  the  thrust  chamber.  The  resultant  coabustior  prod-" 
ucts  exhaust  through  the  nozzle  producing  thrust. ■ 

(u)  Engine  control  is  achieved  thro\igh  the  use  of  eyelid  valves  (located  at 
pump  suction)  wherein  the  segment  of  a  b«J.l  is  rotated  out  of  the  flow  .stream  and 
admits  propellant  to  the  engine.  For  the  development  engine,  auxiliarj'  fuel  control 
valves  are  Installed  to  govern  fuel  admittance  to  the  primary  and  secondary  combustion 
chflsbers  during  transient  anii  steady-state  operation.  All  valves  are  powered  indepen¬ 
dently  to  achJ.eve  the  flexibility  desired  during  the  program. 

(c)  The  secondary  combustor  uses  a  flameholder  injector  consisting  of  a  series 
of  radial  vanes  from  vhich  fuel  is  injected  into  the  oxidizer-rich  turbine  exhaust 
stream.  The  resulting  mixture  burns  in  the  thrust  chamber  and  is  exhausted  through 
the  nozzle.  Two  cooling  systems  are  under  consideration  for  the  modular  engine. 

These  employ  regenerative  and  transpiration  cooling.  The  regeneratively  cooled  systen 
uses  a  considerable  number  of  thin  wafers  that  are  chemically  milled  to  produce  the 
desired  pressure-drop  pattern  required  to  control  the  coolant  flow, 

(u)  Phase  I  of  the  tvo-phasc  program  is  devoted  principally  to  the  develop¬ 
ment  of  individual  components  such  as  cooled  combustion  chambers,  injectors,  turbo¬ 
pump  housings,  bearings  and  seals,  suction  valves,  and  engine  fuel  controls. 


Page  I-i 

CGNFISENTtItl 


Report  10830~Q-U 


I,  Introduction  (cent.) 


The  Phase  II  prograa  is  devoted  to  perfomance  iaprovment  of  the  thrust-cha»ber  caapo- 
nentS)  developoent  of  the  tvjrbopuap  s;';steni,  and  the  integration  of  turbopnop*  thrust 
chamber,  and  controls  into  an  engine  nodule. 

(u)  This  report,  covering  activity  during  the  fourth  quarter  of  the  prograa, 
is  organized  into  four  groups  of  sections.  The  first  group.  Sections  III  and  IV, 
covers  the  combustion  system  development  effort.  Sections  V  through  X  cover  the 
turbopuap  design  and  development  tasks.  Controls  are  reported  in  Sections  XI  through 
XIII.  The  remaining  sections,  XIV  through  XIX,  cover  the  activity  associated  with 
the  propulsion  system  as  well  as  a  series  of  related  analytical  activities. 
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(u)  Major  oileposts  in  the  thrust  cheuaber*  turbopuap,  and  controls  areas  vere 
net  during  the  fourth  quarter  of  the  ARES  prograa.  The  primary  comb\istor  vas  com¬ 
pleted  and  testing  initiated,  a  secondary  combustor  injector  vas  relected,  a  number 
of  requirments  for  propellant-lubricated  tests  were  net  successfully,  suction  valves 
and  fuel-control  valves  vere  successfully  tested,  and  the  aerodynamics  test  program 
at  FluiDyne  Corporation  was  completed.  Considerable  effort  vas  devoted  to  accelerating 
the  completion  of  critical  com}x>Qaits  required  to  support  the  test  program. 

(u)  A  major  primary-conbustor  milepost  was  net  with  the  conversion  of  Test 
Stand  H-3,  the  installation  of  the  workhorse  primary  combustor,  and  the  completion 
of  the  first  six  tests,  foxir  of  which  arc  reported  in  Section  III.  During  Test  3, 
the  primary  combustor  liner  was  damaged,  and  oscillations  of  600  cps  were  observed 
throughout  the  combustion  and  hydraulic  circuits  during  Tests  2,  3,  and  k.  The 
cause  of  the  anomalies  was  identified  correctly,  as  verified  by  the  elimination  of 
these  oscillations  in  Tests  5  and  6,  in  which  the  oxidizer  injector  AP  was  increased 
and  straightening  vanes  were  added  in  the  combustion  zone, 

(c)  The  ^S8Jrk-125  injector  has  been  selected  for  use  throughout  the  remainder 
of  ?haae-I  testing  because  of  its  demonstrated  superior  performance  over  that  of  the 
Rake  injector.  With  a  demonstrated  perfomance  of  93.5?  of  theoretical  specific 
impulse,  the  !*!ark-125  injector  should  be  adequate  for  demonstrating  Phase-I  perfor¬ 
mance  goals. 

(u)  Eleven  secondary  combustor  tests  vere  conducted.  Fifteen  tests,  includix^ 
five  tests  conducted  in  the  last  week  of  March,  are  summarized  in  Section  IV.  tork-125 
injectors  experienced  erosion  damage  due  to  fuel  lea'feage  on  three  unrelated  occasions. 

(u)  The  transpiration-cooled  cembustion  chamber  was  completed  and  will  be 
tested  in  July.  Three  rcgeneratively  cooled  combustion  chambers  are  being  assembled, 
the  first  of  which  is  scheduled  for  completion  in  aid-July. 

(u)  The  advanced-TPA  housing  was  pressure-tested  and  exceeded  1G0%  of  proof 
pressure  for  a  short  time  in  one  of  the  tests.  A  revised  pressurization  sys'o?3a  is 
being  obtained  to  allow  testing  over  durations  specified  by  the  Work  Statement. 

(u)  Fabrication  of  the  inline  TPA  housing  was  completed,  and  the  housing  will 
be  tested  in  the  near  future. 

(u)  Excellent  results  were  obtained  in  the  bearing  test  program.  Ball  and 
roller  bearings  were  demonstrated  successfully  (1)  at  31,850  rpm  in  KgOli  and 
AeroZINS  50  and  (2)  at  1»0,000  rpm  in  HpOl*.  Cage  problems  caused  failures  dxiring  the 
fuel-lubricated  UOjOOO-rpo  tests,  and  new  cages  were  therefore  ordered.  Testing  will 
resume  late  in  July. 
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(u)  Turbopuap  wear-ring  developcaent  testing  was  delayed  because  of  utilisation 
of  the  test  heads  for  bearing  and  seal  testing  in  preference  to  weaur-ring  testing.  A 
new  turbopuap  housing  was  received «  and  six  tests  '^ere  conducted  with  water  as  a 
working  fluid.  Of  the  three  tests  reported »  one  was  nonrotating  with  stepped  laby¬ 
rinths  and  two  were  rotating  tests  using  straight  labyrinths.  The  flow  before  and 
after  rubbing  on  one  of  the  tests  was  essentially  the  same,  and  no  damage  to  the  hard¬ 
ware  occurred. 

(u)  Twelve  tests  of  the  hydrostatic  combustion  seal  are  reported.  The  test 
series  culminated  with  two  successful  cold-rotating  tests  of  61*-  and  78-sec  duration, 
respectively. 

(u)  Eleven  segment  tests  were  conducted  on  the  two-dimensional  tester  to 
evaluate  a  0.001- in. -vide  slot.  This  narrow  slot  closed  because  of  thermed  expansion 
during  preburner  operation,  calling  attention  to  the  possibility  of  difficulties 
during  the  hot  rotating  testing  of  the  hydrostatic  combustion  seal. 

(u)  The  design  of  the  hydrostatic  combustion  seal  was  modified  to  incorporate 
a  two-pl^’'  bellows  of  revised  configuration.  This  revised  design  strengthens  the 
resistance  to  external  pressure  by  a  factor  of  eight. 

(u)  Testing  of  the  experimental  suction  valves  has  been  conducted  satisfac¬ 
torily.  Design  of  a  prototype  version  was  completed  and  fabrication  has  been  initi¬ 
ated.  A  satisfactory  technique  for  electron-beam-veld ing  of  the  storage  seal  has 
been  developed. 

(u)  Testing  of  the  primary  and  secondary  fuel-control  valves  was  completed. 
Modular  configurations  of  these  valves  have  been  designed  and  are  being  fabricated. 

The  primary  combustor  fuel-control  valve  will  begin  testing  in  July}  the  secondary 
valve  is  being  tested,  and  results  will  be  reported  after  conclusion  of  this  effort. 

(u)  All  analytical  and  testing  efforts  to  date  continue  to  validate  the 
feasibility  of  the  ARES  advanced  engine  concept. 
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PRIMARY  COf-tBUSTOR  AESE^'JJLY 


A.  GiKERAL 

(u)  A  Esajor  nilepost  in  the  pririary  cosbustor  asseitbly  proRrars  vas  net 
this  quarter:  fabrication  of  the  workhorse  prinarj*  conbustor  housing  was  cocpietoii 
and  the  priaary  conbustor  test  program  was  initiated.  Four  tests  have  been  made  to  date. 

(u)  Detailed  discussions  of  the  design  and  fabrication  effort  for  the 
primary  conbustor  assembly  are  given  in  Section  below,  and  a  detailed  discus¬ 

sion  of  the  test  program  is  presented  in  Section 

B.  PRK-LARY  CaMBUSTOR  ASSSSLY— DE£IG.»i  ARB  FABRICATION 

1.  Staanary 

(u)  The  design  and  fabrication  activities  on  the  primary  corbt.s- 
tor  program  were  continued.  Principal  design  activities  involved  (l)  redesign  of  the 
primary  injector  orifices  to  increase  pressure  drop,  (2)  redesign  of  the  liner  for 
increased  stiffness  and  incorporation  of  gas- flow-distribution  var.es,  (3)  completion 
of  detailed  turbulator  designs  for  the  priaary  combustor,  and  (h)  completion  of  the 
injector  layout  for  the  !-tod-3  turbopuap  assembly  (three-walled  housing).  Principal 
fabrication  activity  included  completion  and  build-up  of  the  first  primary  combustor 
workhorse  housing  assembly,  hydrotesting  the  assembly  to  proof  conditions,  flow- 
testing  the  housing  both  with  and  without  injectors,  and  delivery  of  t'^^  completed 
assembly  to  the  test  area.  In  addition,  the  primarj'  combustor  turbulators  were  com¬ 
pleted,  liner  stiffeners  and  distribution  vanes  were  completed,  and  substantial  fabri¬ 
cation  progress  was  made  toward  completion  of  the  r  .ond  primary  combustor  housing. 

(u)  Primary  combustor  testing  was  initiated,  and  four  successive 
tests  have  been  performed.  The  description  and  results  of  these  tests  are  presented 
in  Section  III,C. 

2.  Injectors 

(u)  Flow  tests  were  perfonued  on  each  of  the  three  priaary  conbustor 
injectors.  Two  of  the  three  injectors,  the  full- flow  and  the  quadlet,  yielded  flow 
resistances  in  the  oxidiser  circuit  considerably  different  from  calculated  design 
values,  but  the  pentad  injector  offered  flow  resistances  (for  both  the  fuel  and  the 
oxidiier)  in  reasonable  agrer.-.ent  with  the  calculated  design  values. 

(u)  Investigations  of  the  pressixre-drop  discrepancies  detected  for 
the  full- flow  and  the  quadlet  injectors  revealed  that  the  outside  supplier  had  fur¬ 
nished  AeroJet-CEeneral  with  face  material  (Rigiaesh)  of  wrong  porosity  for  the  full- 
flow  injector,  which  resulted  in  an  extremely  higu  pressure-drop.  In  the  qxiadiet 
Uesigi.,  the  pressure  <Jlrop  was  found  to  have  been  caused  by  an  orifice  sising  error 
in  coabination  with  the  selection  of  a  discharge  coefficient  that  was  too  low. 
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III,  B,  Primary  Combustor  Assembly — Design  and  Fabrication  (cent.) 


■  (u)  Tlie  following  paragraphs  present  additional  information  on  each 
of  the  injector  designs. 

(u)  Proof,  leak,  flow,  and  pattern  check  tests  were  performed  on 
the  pentad  injector.  Pressure  drops  of  230  psi  in  the  oxidizer  circuit  and  of  *i08  psi 
in  the  fuel  circuit  were  measured;  the  nominal  design  pressure-drop  values  for  adlr 
injectors  are  300  and  JiOO  psi,  respectively,  for  the  two  circuits.  No  modifications 
of  this  injector  are  currently  planned  becau^^e  the  measured  pressure  drops  agree 
reasonably  well  with  the  planned  values. 

(u)  The  first  flow  test  of  the  full-flow  injector  showea  that  the 
pressure  drop  of  the  oxidizer  circuit  exceeded  the  design  calculations  by  2230  psi. 

It  was  found  that  the  porous  face  material  was  75JS  denser  than  csdled  for  by  the 
design.  In  an  attempt  to  Increase  the  effective  flow  area,  an  acid  mixture  of  water, 
hydrochloric  acid,  nitric  acid,  and  ferritic  chloride  was  flowed  through  the  porous 
injector  face  to  chemically  etch-out  some  of  the  obstructing  material.  This  operation 
reduced  the  pressure  drop  to  ll8l  psi.  Based  on  subscale  experiments  anc’  on  the 
etching  attempt  on  this  injector,  it  was  determined  that  the  etching  operation  was  not 
sufficiently  predictable.  It  was  therefore  decided  to  remove  the  injector  face  and  to 
replaje  the  porous  material  with  material  of  proper  porosity.  A  sample  of  the  new 
porous  material  has  been  received, 'and  flow-testing  confirmed  that  the  material  has 
the  proper  porosity.  Installation  of  the  new  porous  material  will  be  completed  early 
in  July  1966.  The  flow  test  of  the  fuel  circuit  on  the  full-flow  injector  showed  a 
measured  pressure  drop  of  psi,  which  is  considered  satisfactory. 

(u)  The  first  flow  test  of  the  quadlet  injector  yielded  the  follow¬ 
ing  pressure-drop  data:  602  and  63  psi  for  the  fuel  and  oxidizer  circuits,  respec¬ 
tively.  An  error  in  tube  sizing  combined  with  the  selection  of  an  assumed  discharge- 
coefficient  value  which  was  too  low  caused  the  very  low  pressure-drop  in  the  oxidizer 
circuit.  However,  the  pressure  drop  in  the  fuel  circuit,  although  high,  is  considered 
satisfactory. 


(u)  A  flow  test  was  performed  on  saioples  of  the  porous  face  material 
from  which  the  quadlet  injector  is  made  to  determine  the  flow  rate  through  the  actual 
porous  face  material  under  steady-state  conditions.  The  ir.easiu'ed  flow  rate  was  Q0%  of 
the  calculated  design  value,  which  is  considered  satisfactory. 

(u)  After  the  initial  hot-firing  tests  were  complcved,  the  quadlet 
injector  was  returijed  to  the  shop  for  rework.  Tubes  of  0.l80-in.  ID  were  welded 
inside  of  the  existing  0.242-in.  ID  oxidizer  tubes.  The  revised  configuration  showed 
a  measured  pressure  drop  of  261*  psi,  which  is  satisfactory. 

(u)  A  layout  was  completed  of  a  new  injector  designed  to  fit  the 
Mod-B  three-walled  TPA  housing.  This  injector  can  be  made  from  the  I-lod-A  injector 
by  machining  metad  from  the  turbine  stator  interface  and  from  the  backside  of  the 
injector  fuel  manifold.  Matching  grooves,  machined  into  the  bousing  and  injector 
body,  provide  a  positive  locking  method  for  the  injector  by  the  use  of  a  retaining 
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ring.  In  addition  to  its  restraining  function,  the  retaining  ring  also  acts  as  a 
seal  because  it  replaces  the  second  expanding  H^O. -sealing  ring  used  in  the  Mod-A 
design. 

3.  Workhorse  Primary  Combustor  Housing  (WPCH) 

(u)  As  reported  in  the  previous  quarterly  report,  the  first  WPCII 
(SK-l)  cracked  severely  and  had  to  be  scrapped.  This  caused  considerable  delay  and 
corrective  action  was  therefore  immediately  instituted  for  Housing  SH-2  to  prevent  a 
recurrence.  Accelerated  schedules  were  implemented  to  regain  the  lost  time  as  fast 
as  possible.  The  fabrication  and  assembly  of  WPCH  SN-2  was  subsequently  completed 
successfully.  The  assembly  was  proof-,  leak-,  smd  flow-tested  and  the  finished  unit 
was  delivered  to  the  test  area,  installed  on  the  test  stand,  and  successfully  test- 
fired  in  four  successive  tests.  A  discussion  of  these  t  ists  is  presented  in 
Section  III,C. 


{u)  Inspection  of  the  test  records  and  of  the  test  hardware  showed 
evidence  of  high-amplitude  pressure  oscillations.  Following  the  initial  test  series, 
the  housing  was  therefore  disassembled  and  returned  to  the  machine  shop  for  v.  rious 
machining  operations  including  the  installation  of  high-frequency  (Photocon)  instru¬ 
mentation  ports.  These  ports  will  provide  means  for  accurately  recording  the  pressure 
oscillations  in  the  primary  combustor  d\u*ing  the  next  test  series. 

(u)  The  WPCH  was  then  used  for  hydrotesting  the  reworked  injectors. 
At  the  end  of  this  reporting  period,  the  reworked  quadlot  injector  was  assembled  into 
the  reworked  housing  and  the  entire  assembly  was  returned  to  Test  Stand  K-3  for 
installation. 


(u)  WPCH  SN-3  is  being  fabricated  using  the  same  heat  treatments 
and  welding  procedures  as  for  WPCH  SH-2.  Joining  of  the  insert  to  the  outer  housing, 
final -machining,  and  hydrotesting  are  scheduled  to  be  completed  by  mid-July. 

l».  Other  Primary  Combustor  Components 

(u)  The  chamber  liner  of  WPCH  SN-2  was  slightly  damaged  during  the 
initial  test  series.  To  prevent  a  recurrence,  a  reinforcing  band  of  0.063-in. -thick 
by  1 . 60-in . -wide  sheet  metal  was  TIG  tack-welded  around  the  OD  of  the  liner.  This 
band  should  prevent  further  cracking  of  the  slotted  elements.  Five  vanes  were  also 
welded  inside  the  liner.  Thcae  vanes  are  designed  to  prevent  tangential  pressure 
oscillations. 


Page  II 1-3 

(This  page  is  Unclassified) 


COHFIDEHTUL 

Report  10830-Q-J» 


III,  Priaaxy  Combustor  Assembly  (coat.) 


C.  DEVELOPMEfIT  TESTING 

1.  Stmiunty 

(u)  The  developnent  program  for  the  prina^  combustor  vms  iaiti- 
ated,  and  four  tests  were  conducted.  Prior  to  testing,  detailed  steady-state  and 
transient  analyses  were  perfonted  to  determine  both  the  proper  engine  sequences  and 
the  operating  balance  point.  The  transient  analysis  indicated  that  oxidizer- 
manifold  fill  time  is  critical  for  obtaining  the  correct  start  transient;  it  vas 
therefore  decided  to  perform  a  cold-flow  test  of  the  oxidizer  circuit  only, 
before  initiating  the  hot'  firing  tests.  Furthermore,  the  first  hot-firing  test 
series  vas  designed  to  verify  start-transient  operation  only,  by  ending  each  suc¬ 
cessive  test  later  during  the  start  transient,  at  tines  indicated  as  significant  by 
the  transient  cosqiuter  program.  This  step-vise  approach  also  provided  maxissum  pro¬ 
tection  for  the  limited  and  expensive  hardware  prior  to  committing  the  combustor 
to  full-duration  testing. 

(c)  In  accordance  with  the  test  plan,  the  first  test  was  an  oxi¬ 
dizer  flow  test  only;  the  three  other  tests  were  start-transient  hot  firings. 

Maximum  chamber  pressure  attained  vas  3^30  psia,  and  minimum  mixture  ratio  during 
the  start  transient  vas  about  22.  Nominal  steady-state  conditions  for  this  series 
of  tests  vould  be  a  pressure  of  k77$  psia  and  a  mixture  ratio  of  1^.0. 

(u)  Examination  of  test  records  revealed  persistent  feed-system- 
coupled  oscillations  of  about  600  to  700  cps.  A  detailed  investigation  to  determine 
the  exact  aat\ire  of  the  oscillations,  their  cause,  and  the  required  sxxiifications 
to  prevent  a  recurrence,  is  being  perfonaed.  Since  this  test  series  vas  performed 
during  the  closing  week  of  this  quarter,  no  coi< .fusions  have  yet  been  drawn. 

(u)  The  analytical  effort  performed  in  preparation  for  primary 
coab\istor  testing  is  described  in  Paragraph  III,C,2,  below.  A  description  of  the 
engine  test  system  is  given  in  Paragraph  III,C,3,  whereas  a  detailed  discussion  of 
each  test  is  presented  in  Paragraph 

2.  Analysis 

a.  Steady-State  Analysis 

(u)  A  tsries  of  steady-state  computer  runs  were  made  to 
determine  the  effect  of  parssMter  vazdations  on  the  balance  point  of  the  stodular 
primary  ecnsbustor.  The  parameters  varied  were:  throat  area,  oxidizer  system 
X’eslstance,  fuel  system  resistance,  oxidizer  intensifier  pressure,  sad  fuel  inteij- 
slfier' pressure. 


(u)  In  operation,  acrndnal  balance  is  obtained  first,  end  then 
the  parameters  are  varied  one  at  a  time  in  series.  The  cond>zistor  readjusts  itself  to 
the  new  operating  conditions  by  varying  its  chamber  pressxire  and  mixture  ratio.  The 
nfoiaal  value  for  any  paraaeter  is  rcetorea  at  the  time  a  new  parameter  variation  is 
begun. 
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(u)  The  ■Ixttu’e  ratio  for  the  first  steady»state  duration 
test  vas  to  be  iH.O  and  the  pressure  li7T5  psig.  Figure  III-l  shovs  a  Mixture" 
ratio  shift  frost  l^.OT  to  X3>57  vith  a  10|  increase  in  throat  area,  and  a  chwsber- 
pressure  decrease  froH  ^775  to  U661»  psig  vith  the  saaie  throat  growth.  There  is 
little  change  in  chaaber  pressure  vith  throat  growth  due  to  the  ability  of  the 
intensifiers  to  staintain  their  pressure  at  the  required  increase  in  propellant  flow 
rate. 


(u)  A  change  in  oxidiser  systea  resistance  from  4^20  to  -20% 
results  in  a  MinisBm  Mixture  ratio  of  12.6,  as  a  MsxiMua  pressure  of  lt823  psia,  and 
at  opposite  ends  of  the  range,  as  noted  in  Figure  XII-2.  Since  the  design  mixture 
ratio  Is  11*5  and  the  proof  pressure  is  7200  psig,  both  of  the  above  extremes  are 
considered  safe. 


(u)  A  similar  change  in  fuel-system  resistance  results  in  a 
mixture-ratio  range  of  15  to  12.85  and  in  a  pressure  ringe  of  hjOB  to  4852  psia. 
from  Figure  III-3  it  is  noted  that  the  extremes  of  mixture  ratio  and  pressure  occur 
simultaneously  at  -20%  fuel  resistance.  The  hardware  should  be  caimble  of  with¬ 
standing  this  extreme  without  difficulty. 

(u)  A  40Q-psi  decrease  in  oxidiser  intensifler  pressure  would 
result  in  a  isixture  ratio  of  about  11.0.  However,  Figure  111-4  indicates  this  would 
occur  at  less  than  4775  psig  and  is  unlikely  to  happen  since  all  intensifler  data 
indicate  an  overshoot  rather  than  an  undershoot  of  set  pressure.  The  cool  gas  at  a 
mixture  ratio  of  17,  which  is  attendant  to  an  oxidiser  overpressure  of  400  psig, 
reduces  the  possibility  of  damage  at  the  overpressure  of  4847  psia. 

(u)  Figure  IIZ-5  demonstrates  that  a  400-pslg  overpressure  of 
the  fuel  intensifler  would  simultaneously  decrease  the  mixture  ratio  and  increase  the 
pressure  to  levels  below  and  above  those  desired,  respectively.  Experience  vith  the 
fuel  intensifler  has  demonstrated  close  control  of  fuel  pressure.  In  addition,  the 
period  of  maximwa  overpressiure  of  fuel  occurs  simultaneously  with  a  like  excursion 
of  oxidiser  intensifler  pressure  on  start.  The  result  would  be  a  bl|^er  pressure, 
but  at  a  higher  miicture  ratio  and  at  a  lover  temperature  than  the  nominal  ccmditions. 

b.  Transient  Analysis 

(u)  The  method  of  snslyzing  the  system  transients  of  Test 
Stand  H-3  was  similar  to  that  used  on  the  sector  engine  of  Test  Stand  H-2-  An  analyti¬ 
cal  model  of  the  system  was  ccmstrueted.  The  same  analytical  theories  and  techniques 
that  M9V  used  successfully  oo  Test  Stand  H-2  were  used  on  the  modular  primaxy  analysis. 
The  vaterhammer  wave  equations  describing  the  system  were  solved  continuously  by  the 
method  of  characteristics  on  a  digital  computer. 

(u)  The  deeign  of  the  primary  ecmbustor  end  its  installation 
on  the  test  stand  were  studied  in  detail  to  determine  problem  sreas  affecting  the 
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stsrt  snd  shutdovn  transieats.  Special  attention  was  directed  tovard  propellant 
phasing  and  purging  during  these  tvo  idiases.  The  orerall  goal  of  this  prograa  was 
BixttuHBoratio  control  during  transient  operations.  On  the  basis  of  this  study,  it 
was  concluded  that  a  cold-flow  test  of  the  oxidizer  circuit  should  be  performed  to 
ascertain  the  fill  characteristics  of  the  complex  manifolding. 

(u)  The  analytical  model  was  used  to  determine  ralre  sequencing 
the  preset  pressures  for  the  propellent  intensifier,  the  time  of  ramp  initiation,  and 
the  feed-pressure  ramp-rise  rate  for  the  start  and  the  ralwe  sequence  on  shtitdown. 
Because  of  the  complexity  of  the  oxidizer  manifold,  the  oxidizer  col'* -flow  Test 
1.2-OU-VAC-OCl  was  used  to  werlfy  the  time  required  to  fill  the  manifold.  The  BK}del 
predicted  a  time  of  Q.290  sec,  whereas  test  data  shoved  a  time  of  0.25?  sec.  There¬ 
fore,  confidence  in  the  predicted  propellent  phasing  was  established. 

(u)  The  analytical  model  predicted  a  high  chamber-pressure 
spike  at  ignition  (i.e.,  about  l800  psia)  and  chamber-pressure  oscillations  of 
250  millisee  caused  by  chamber  combustion  coupled  with  the  waterhasaaer  in  the  feed 
qrstem.  The  axadel  predicted  theae  chamber-preasure  oacillations  would  dampen  out 
by  7S-1  4-1,0  aec.  To  verify  theae  predietiona,  it  was  decided  to  conduct  tvo  short- 
duration  tests:  one  of  a  0.90-sec  duration  to  check  out  the  ignition  characteristics 
of  the  primary,  and  one  of  l.l-sec  duration  to  determine  if  the  feed-system  oscilla¬ 
tions  would  dampen  out. 

3.  Eaaine  Description 

(u)  The  modular  primary  combustor,  as  installed  oa  Test  Stand  H-3, 
consists  of  the  workhorse  primary  housing,  the  quadlet  injector,  the  reverse-flow 
combustion  c^a■ber,  the  turbine-simulator  nozzle  assembly,  the  secondary  combustor 
diffuser  section,  and  the  humoff  stack  assembly.  A  schnaatic  drawing  of  the  teat 
aetup  ia  preaented  in  Hgure  III-6.  The  bumoff  stack  aasembly  is  used  to  bum  off 
oxidizer-rich  gases  produced  by  the  primary  combustor. 

(u)  The  propellant-distribution  system  rec^i^S-higb-presaure  pro¬ 
pellant  from  the  intensifiers  on  the  second  level  to  Test”B‘tmd  H-3  throu^  3-  snd 
Wn.-dia  SCH-XX  pipe.  The  oxidizer  flows  through  a  flowmeter  and  a  2-1/2-in. -dia 
ball  valve  into  the  hardware,  whereas  the  fuel  flows  through  a  flowmeter  and  a 
l-in.-dia  ball  valve  into  the  hardware.  There  is  a  blanked-off  3-in.  tap  for  future 
use  to  supply  secoadsry  combustor  fuel. 

(u)  Tests  1,2-CA-WAG-001  throu^  -003  were  performed  with  the 
combustion-chamber  liner  in  place.  Test  1.2-Ob-WAG-OOU  was  performed  without  this 
liner  to  determine  if  the  liner  had  any  effect  on  chamber-pressLire  oscillations. 

(u)  The  feed  line  pressures  were  monitored  with  both  static  and 
dynimic  tranrlucers.  Combustion-chamber  performance  was  measured  with  three  Taber 
transducers  and  five  hi^-response  thermocouples.  Exhaust  gases  were  monitored 
with  one  Taber  pressure  trinidueer  sad  three  hieh-resnonse  theywioeotiples . 
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(u)  Flush-aotmtjed  photocell  pressure  transducers  vill  be  used  for 
the  next  prisuy  combustor  tests. 

Testa 

«.  Test  i.2>o>t.VAa-ooi 

(1)  Purpose 

(tt)  This  test  was  a  cold  oxidiser-flow  test  for  the  pm*- 
pose  of  obtaining  information  required  to  rerif^  or  modify  the  analytical  transient 
model  sad  the  firing  sequence  of  hot  testing.  The  questions  to  be  answered  by  this 
test  were:  (a)  When  does  the  oxidixer  manifold  fill  with  liquidt  (b)  Does  the 
combustion  chamber  fill  with  liquid  oxidixert  (c)  Whiit  is  the  fuel  manifold  pressure 
during  ftiel  fill?  id)  Do  the  latenslfiers  provide  the  desired  pressure  rise  rates? 
(«}  What  electrical-mechanical  sequence  deleys  are  present?  and  (f)  Does  the  burn- 
off  stack  iffiite  and  eliminate  excess  oxidixer? 

(2)  Atteapted 

(c)  A  fun  engine  firing  sequence  was  atteupted,  with 
the  fuel-valve  discharge  and  the  fuel-inJector  manifold  blanked-off.  I^esslve  pres¬ 
sure  drop  across  the  injector  face  was  eliminated  bgr  limiting  the  upper  pressure 
setting  for  the  oxidixer  intenslfier  to  2500  psl.  Ihe  dead-headed  condition  of  the 
fuel  intensifier  was  considered  to  be  equivalent  to  flow  conditions  since  the  piston 
displacement  due  to  eospressibility  was  very  nearly  equal  to  the  test  condition. 


(3)  Obtained 

(u)  A  duration  of  1.7  sec  with  oxidixer  flow  only. 
ik)  Discussion 

(a)  Test  Hardware 

(u)  AiJl  hardware  was  undamaged. 

(b)  Test 

(u)  The  oxidixer  manifold  filled  35  niUisec  earlier 
than  estimated;  200  adlllscc  later  the  combustion  chamber  filled  with  liquid  oxidizer 
producing  a  fuel  manifold  preaaure  of  30  paia.  A  nitrogen  purge  in  the  fuel  manifold 
will  be  uaed  during  hot  firing  to  prevent  entry  of  oxidizer  during  fuel  fill.  All 
electromechanical  aequenee  delays  were  close  to  estimates.  The  humoff  stack  worked 
well,  althoui^  stack  ignition  was  later  than  desired  due  to  the  long  filling  time  of 
the  RP-1  circuit.  SubsequeRt  testing  would  initiate  fiUiag  C.5  sec  earlier. 


P^e  III-7 


CONFIDENTIAL 

Report  10830>Q^ 


III,  C,  Develop«ent  Texting  (coni.) 


(e)  The  oxidixer  intent! fler  created  the  required 
rile  rate  up  to  a  pressure  of  21^00  psia.  The  fuel  intensifier  pressure  did  not  rise 
until  0.100  see  after  the  expected  ranp  initiation  and  then  rose  at  a  rate  liaited 
hjr  the  flow  capacity  of  the  2-in.-dia  xalTe.  The  raap  rise  vas  clearly  out  of  con¬ 
trol  since  the  fuel-systea  Qir2*“flcv-control  ralre  vas  fully  open  until  steady  state. 

(u)  Sereral  tests  vere  subsequently  aade  in  vhich 
fuel-intensifier  control-valve  c^ration,  ullages,  and  saiplifier  gains  vere  varied 
to  obtain  a  satisfactory  fuel-pressure  rise  rate  prior  to  the  first  hot  firing. 

b.  Test  1.2-(A-VAG-002 

(1)  Purpose 

(u)  This  short-duration  test  vas  perforaed  to  deteraine 
the  fuelHsanifold  and  ignition  characteristics  of  the  quadlet  injector. 

(2)  Atteapted 

(u)  A  0.9-see-duration  test  vith  full  priaary  coabustor 

firing  sequence. 

(3)  Obtained 

(c)  The  test,  of  0.917'*sec  duration,  vas  perforaed  on 
8  June  1966  to  a  asxiaua  chaaber  pressure  of  2093  psia  and  a  mixture  ratio  of  about 
30. 


(it)  Discussion 

(a)  Test  Eardvare 

(u)  The  test  bardvare  shoved  soae  ainor  chaaber- 
liner  heat  aarks,  but  vas  othervise  capable  of  refiring. 

(b)  Test 

(u)  At  FS-1,  both  valves  vere  signaled  open.  The 
oxidiser  valve  and  the  fuel  valve  opened  is  O.k  and  0.9  sec,  respectively.  The  oxi- 
dixer  intensifier  pressure  began  its  raap  at  O.69  sec  and  continued  upvard  until 
IvOO  sec  vhen  its  rise  rate  began  to  decrease.  Pressure  appeared  to  be  folloving 
its  prograned  rise  rate. 

(u)  The  fuel  Intensifier  began  its  pressure  rise 
raap  at  O.TO  sac  wad  continued  to  rise  virtually  linearly  until  1.0  sec  vhen  its 
rise  rate  began  to  decrease. 
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(u)  l0aition  began  at  0.777  aec;  cbasiber  preaaiure 
rose  in  accordance  vlth  the  high  initial  fuel  flow  rate,  then  rapidly  decreased  as 
fuel  flow  decreased  in  response  to  the  resistance  offert^  by  chanber  pressure.  Both 
pressure  and  flows  then  increased  with  the  intensifier  rasps  until  I.071  sec  when 
closing  of  the  fuel  walwe  began  to  reduce  fuel  wel^t  flow.  Shutdown  was  normal. 


(u)  The  oscillograph  traces  indicated  a  bOOnsps 
cycle  oscillation  on  all  chaaber-  and  feed-system  pressure  traces.  This  was  attrib¬ 
uted  to  waterhssBier  in  the  feed  system  caused  by  the  ignition  spike  and  by  the  off- 
design  operating  conditions.  Preparations  were  therefore  made  to  increase  the 
duration  of  Test  1.8-0l»-WA0-003  to  1.1  see. 


in  Figure  III-7. 


(u)  A  performance  plot  for  this  test  is  presented 


c.  Test  1.2-0k-VAG-003 

(1)  Purpose 

(u)  The  purpose  of  this  test  was  to  prowide  sufficient 
duration  to  determine  if  the  feed-system  induced  ehamber-press^lre  oscillations, 
predicted  by  the  transient  computer  program,  would  dampen  out. 

(2)  Attempted 

(u)  The  test  was  performed  on  9  June  1966  with  an 
intended  duration  of  1.1  see  and  an  intended  chamber  pressure  of  2300  psia. 

(3)  Obtained 

(u)  Test  duration  was  1.113  sec,  with  the  intensifiers 
proriding  excellent  pressure  ramps. 

(b)  Discussion 

(a)  Test  Hardware 

(u)  The  ccmbustioo-chaaber  liner  was  damaged,  as 
shown  in  Figure  111-8,  but  the  remainder  of  the  hardware  was  in  good  condition,  as 
illustrated  in  Figure  111-9^ 

(b)  Test 

(u)  The  oscillograph  traces  exhibited  the  same 
600-cps  oscillations  ss  in  the  prerious  test,  with  no  sign  of  «ay  decrease  in  mapli- 
tude  or  change  in  freq:ueney.  Two  microsystem  transducers  installed  on  the  propel- 
Tijji*  feed  lines  yielded  the  followiBg  datat 
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(c) 


TraMMiduegr 


Peok-tooPeak 
Frequeacy.  epa  ArolltitiCt  i«l 


PfO-F(M) 

0.973 

580 

60 

1.115 

6k0 

130 

1.125 

6ko 

160 

1.178 

6ko 

195 

P»D-F(M)  0.973 

1.115 
1.125 
1.178 


600 

620 

660 

680 


55 

no 

150 

305 


(c)  HMtlmai  ehaabcr  pressure  vss  3380  psla»  and 
the  stlnlw  mixture  ratio  vas  abwt  23. 


in  Figure  III-IO. 


(u)  Perfonsaace  plots  tor  this  test  are  presented 


d.  Test  1.2-0li«VAC~00U 


(1)  Purpose 

(u)  Tbis  test  vas  nade  to  obtain  additional  firing 
data  at  higjber  pressure  and  teaperaturc  for  detemining  if  the  600-cps  oseina- 
tions  vottld  continue  vithout  the  ehaaher  liner  and  at  a  lover  Mixture  ratio. 

(2)  Atteapted 

(u)  l%is  test  vas  to  he  a  1.2-«ee-duration  test  of  the 
qvadlct  injector  and  vorkhorse  priaaxy  cosbustor*  vithout  the  chaabar  liner. 

(3)  Obtained 

(u)  1%e  test,  conducted  on  l4  June  1986,  had  a  duration 
of  1.2n  sec.  Intensifier  operation  and  sequencing  vere  as  prograawd. 

(k)  Discussion 

(a)  Test  Bardvare 

(u)  The  test  hardvare  vas  undaaaged  and  capable 
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III,  C,  DeTelopiwmt  Testing  (eont.) 


(b)  Test 

(u>  The  oscillograph  traces  sgain  exhibited  oscil<- 
lations  vith  the  saste  fretpiency  on  all  ehssiber  and  feed^system  pauraiseters .  Toward 
the  end  of  this  extended-duration  test,  a  trend  toward  a  hii^er  frequency  was  noted, 
idiich  is  attributed  to  the  hli^er  gas  teaq;>erature  caused  by  the  lower  sdxture  ratio 
attained. 


(u)  Hi|^-frequeney  tape  data  were  analysed  to  deter- 
•ine  the  exact  frequencies  and  their  aaplitudes.  These  data  are  suMarised  in  the 
following  tabulation: 


Peak-to-Peak 


Transducer 

Tiae.  see 

Frequency,  cos 

Aanlitude 

Pfl)-F(M) 

0.618 

1*50 

75 

0.973 

0 

-mmr 

1.115 

63d 

250 

1.211 

680 

215 

1.261 

1^80 

120 

PoD-FiM) 

0.618 

350 

80 

0.973 

0 

-1 — 

1.115 

630 

320 

1.211 

680 

kOO 

1.261 

7l»0 

160 

(c)  lisxiauB  chaaiber  pressure  was  3^l?0  psia  and 
■inisMM  aixture  ratio  was  about  22. 


Figure  ni-U. 


(u)  A  perforaance  plot  for  this  test  is  shown  in 
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MRpc  and  P^pc  vs  Throat  Area 


Figure  lll-l 
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JkIRpc  and  I’^pc  vs  %  Oxidizer  Resistance 


Figure  II 1-2 
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MRpc  and  vs  %  Fuel  Resistance 


Figure  III -3 
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NtRpc  and  vs  Fuel  Intensifier  Pressure 


Figure  I1I-5 
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Workhorse  Primary  Combustor  Schematic 


Figure  Ill~6 
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Combust  ion -Chamber  Liner  after  Test 
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IV. 

SECOKPARY  COMBUSTOR  A88IXBLY 


A.  OSRERAL 

(tt)  The  tteondery  eoMbustor  progrui  vm  continued,  vith  tMphMie  on 
injector  development  teetinc,  fdbrlcetion  of  cooled  thrust  chmbers,  end  design 
support  for  the  fshricstion  end  test  progrmss. 

(e)  Fifteen  seconder^  injector  evslustion  tests  vere  perfomed,  in 
which  the  Ksrk  12$  end  the  Rske  injectors  vere  evslusted.  Results  of  this  testing 
led  to  the  selection  of  the  Mark  12$  injector  for  the  ARES  engine.  The  perfomsnce 
level  denonstreted  vith  this  it^ector  vm  91*5%  theoretical  of  specific  impulse  which, 
vlMn  coiqpled  vith  a  cooled  chasther,  is  sufficiently  high  to  meet  the  Phase«£l  perfOr> 
nance  requirenent*  The  Reke  injector,  also  successful  hut  sonevhat  lover  in  perfOr> 
nance,  has  been  relegated  to  haek-19  status. 

Ctt)  Fabrication  of  the  copied  thrust  chsnhera  continued.  The  first  of 
two  vraaspiration«eooled  chaaiters  was  completed  and  now  awaits  testing  early  in  July. 
Ttu^  regeneratively  cooled  chemhers  are  being  assembled,  the  first  of  which  is 
scheduled  for  completion  of  1$  July  19^. 

(u)  All  design  end  fabrication  activity  of  secondary  combustor  coaq^ents 
is  discussed  in  detail  in  Section  IV,B,  below.  A  detailed  discussion  of  the  test 
piocrsm  is  given  in  Section  IV ,C* 

B.  SECOROARY  COMBUSTOR  AS8E»Ol.Y,  DESIGN  AND  FABRICATION 
1.  STmmisry 

^  ^  (tt)  The  secondary  injeotors  have  been  redesigned  and  reworked 

tiighlly  as  a  result  of  es^rience  gained  in  hot  firing  tests.  A  special  stress 
analysis  is  currently  in  progress  to  define  the  effectt  of  temperature  and  vibration 
on  the  Hark  12$  injector  vanes  because  thermal  and  vibration-induced  stresses  may 
contribute  to  fuel  leakage  ftes  the  Vanes.  A  formal  stress  a!..Alysis  was  completed 
end  a  final  report  publiihed  fur  both  injector  configurations.  Ablative  liners  have 
been  rei^aeed  in  the  uncooled  ohsmbers  after  test  firings  if  required.  Fkbfication 
is  currently  in  progress  for  the  two-dimensional  nossle  chmsber. 

(u)  Fabrication  of  cooled  chambers  was  continued  on  a  maximum 
level  of  effort.  A  major  fabrication  event  occurred  in  the  closing  weeks  of  this 
reporting  period  when  the  first  transpiratiw-cooled  chamber  was  completed.  Work 
is  currently  continuing  on  transpiration-cooled  Chmiber  8R-2. 
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ZV,  B,  Secondary  Combustor  Assembly,  Design  and  Fabrication  (coni>) 

(u)  Progress  on  regeneratieely  cooled  chambers  has  been  substantial. 
Three  regeneratively  cooled  chambers  are  currently  in  fabrication  at  Aerojet-General . 
The  first  chamber,  SN»1,  should  be  available  by  1$  July  1966.  Outside  vendors  are 
presently  at  vork  on  tube  sets  for  Chambers  SR-U  through  SK-10.  The  required  metal 
parts  for  these  additional  chambers  are  presently  being  fabricated  at  Aerojet-General, 
Sacramento. 


2.  Uncooled  Combustion  Chamber  Cemponents 
a.  Injectors 

(1)  Mark-125  Injector 

(u)  Fabrication  and  testing  of  the  Mark-125  injector 
continued.  A  description  of  testing  and  a  discussion  of  test  results  are  presented 
in  Sectim  iy,C. 

(u)  Leakage  has  occurred  in  numerous  tube-to-vane  braze 
Joints  and  in  several  vane-to-manifold  veld  Joints  of  the  Mark-125  injectors  SR-1 
and  SR-2.  The  themal  and  vibration  loads  are  being  calculated  and  injector-fabrication 
procedures  examined  to  locate  the  possible  cause  of  the  leakage. 

(u)  The  vane*  in  Injectors  SR-1  and  SR-2  that  had  been 
eroded  by  fbel  leakage  vere  replaced  by  using  part  of  the  vane  set  intended  for 
Injector  SR-3.  A  fourth  set  of  vanes  is  70$  complete;  fabrication  of  a  fifth  set 
vill  begin  in  July.  Including  the  fifth  set  of  vanes,  there  are  nov  enough  vanes 
for  a  total  of  four  Mark-125  injector  assemblies  plus  20  spare  vanes. 

(u)  Injector  3R-1  is  nov  available  for  testing. 

Injector  SR-2  is  currently  scheduled  for  completion  early  in  July,  vhereas  Injectors 
^-3  and  SR-h  are  scheduled  for  completion  late  in  July  and  lUd-August,  respectively. 

(2)  Fuel-Svirl  Rake  Injector 

(u)  P^^rformance  of  the  Fuel-Svirl  Rake  injector  has  been 
found  to  be  less  than  that  of  the  Mark-125  injector  in  identical  chambers  under 
idential  test  conditions  (see  Section  IV,C,2,b).  Therefore,  the  Rake  injector  has 
been  ^legated  to  back-up  status  and  vill  not  be  tested  again  unless  difficulties 
arise  during  continued  testing  of  the  Mark -125  configuration. 

(u)  The  injection  elements  of  Rake  Injector  SR-1  vere 
destroyed  in  a  recent  test  firing  vhen  the  mixture  ratio  in  the  primary  combustor 
shifted  to  an  off-design  value.  A  nev  set  of  fuel  elements  has  been  received  and 
could  be  installed  into  Injector  SR-1  if  so  desired.  Hovever,  such  an  installation 
is  not  planned  at  this  time,  and  the  body  of  this  injector  vill  be  used,  rather,  for 
assembly  of  a  Mark-125  injector.  Rake  Injector  SR-2  is  available  and  is  in  storage. 
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IV,  B,  Secondary  Combustor  Assembly,  Design  and  Fabrication  (cont.) 

(u)  A  design  effort  is  currently  in  progress  to  ineor~ 
porate  performance-improvement  features  in  the  Rake  injectors.  The  design,  ^en 
completed,  vill  not  be  fabricated  unless  a  decision  is  made  to  re-activate  this 
injector  concept. 


(з)  Injector  Stress  Analysis 

(u)  A  final  report  presenting  the  stress  snalysis  of  the 
secondary  injector  vas  completed  and  issued.  The  report  concludes  that  (a)  the 
primary  stresses  are  low  and  give  relatively  high  margins  of  safety,  (b)  the  stresses 
induced  by  thexmal  gradients  are  peak  stresses,  (c)  the  combined  primary  and  peak 
stresses  vill  withstand  at  least  5S  cycles  of  operation  and  vill  not  fail  by  n 
brittle-type  failure  because  of  the  large  elongation  that  Type  3^7  stainless  steel 
can  withstand,  and  (d)  either  design  vill  maintain  its  structural  integrity  during 
33  cycles  of  normal  operation. 

b.  Ablative- Lined  Combustion  Chsmber 

(и)  The  characteristic  lengths  (L*)  of  ablatively  lined 
combustion  chambers  are  now  designated  nominally  20- ,  35-* t  and  30-in. -L*.  These 
values  more  closely  correspond  to  the  actual  L*a  than  the  originally  designated 
30- ,  kO-,  and  30-in. •tL*  values. 

(u)  Psbrication  of  ablative  linera  during  this  reporting 
period  consisted  of  replacing  the  liners  as  required  after  test  firings. 

c«  Two-Dimensional  Rostle 

(u)  Five  quotations  from  suppliers  for  the  fabrication  of 
the  two-dimensional  nossle  were  received.  Four  were  "no  bid,"  and  the  fifth  was 
considered  too  high.  It  vas  therefore  decided  to  fabricate  the  metal  parts  at 
Aerojet-Qcneral,  Sacramento,  and  to  purchase  the  liners.  The  half-angle  of  the 
contoured  divergent  nossle  vas  changed  to  23^  22*.  This  change,  which  vill  reduce 
fabrication  cost,  has  a  negligible  effect  on  aerodynamic  and  heat-transfer  charac¬ 
teristics. 


(u)  A  purchase  order  for  the  dlvergent-nossle  liner  has  been 
placed,  and  delivery  is  expected  early  in  July  1966.  Machining  of  the  throat  contour 
using  templates  has  begun  and  fabrication  of  the  metal  parts  is  in  progress. 

3.  Cooled  Combustion  Chambers 


a.  ARES  Regeneratively  Cooled  Combustion  Chambers 

(u)  The  engineering,  procurement,  and  fabrication  efforts  on 
regeneratively  cooled  combustion  chambers  were  continued.  Combuajbion  chambers  SN-1, 
-2,  and  -3  are  being  fabricated  at  Sacramento,  with  chamber  Slf-1  nearing  completion. 
The  current  status  of  each  of  the  three  chambers  is  reported  in  the  following 
paragraphs. 
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IV,  B,  Sesondary  Combustor  Assembly,  Design  and  Fabrication  (eont.) 

(l)  Regeneratively  Cooled  Combustion  Chamber  SN-1 

(u)  Fabrication  of  combustion  chamber  SR~1  is  progressing 
satisfactorily.  Major  mileposts  accomplished  during  this  reporting  period  ineludedi 
receipt  of  first  tube  set  at  Aerojet-Oeneral;  successful  lay-up  and  brazing  of  the 
chamber;  attachment  of  all  metal  parts  to  the  forward  end  of  the  chamber;  explosive 
welding  of  the  tubes  to  the  flange;  and  initiation  of  final  machining  on  the  forward 
flange  assembly.  The  following  work  remains  to  be  done:  completion  of  leak  cheeks 
initiated  during  this  quarter);  application  of  the  glass  wrap;  high-pressxire  proof, 
leak,  and  flow  testing;  final-machining  of  the  forward  flange;  and  application  of  a 
thermal-barrier  coating.  This  chamber  should  be  available  for  hot  firing  on 
15  July  1966. 


(2)  Regeneratively  Cooled  Combustion  Chamber  SR-2 

(u)  Three  fumace-braze  cycles  were  performed  on 
regeneratively  cooled  combustion  chamber  SH-2.  Some  leakage  was  noted  to  occur 
after  the  third  braze  cycle  and  after  chamber  aging  at  the  tube-to-tube  braze  Joints 
in  the  aft  section  of  the  chamber.  These  leaks  are  currently  being  repaired  by 
manual  brazing.  A  leak  check  will  be  performed  to  ensure  that  all  leaks  have  been 
eliminated.  The  remaining  work  oh  the  chamber  includes;  attachment  of  the  forward 
flange  and  remaining  metal  parts;  explosive  w  Iding;  interim  machining;  leak  cheeking; 
opplication  of  the  glass  wrap; proof-,  leak-,  and  flow-testing;  final  flange  machining; 
and  application  of  the  thermal-barrier  coating.  The  chamber  should  be  completed 
during  the  first  week  in  August  1966. 

(3)  Regeneratively  Cooled  Combustion  Chamber  SN-3 

(u)  Lay-up  of  this  chamber  began  in  the  closing  weeks 
of  this  reporting  period.  Preparations  are  being  made  for  the  first  chamber-brazing 
cycle.  This  chamber,  a  capillary  tube  design,  differs  from  chambers  SH-1  and  Slf-2 
yjf  having  two  film-coolant  injection  stations  instead  of  one.  An  additional  braze 
cycle  will  be  required  to  secure  the  capillary  tubes  in  th*  valleys  between  adjacent 
regeneratively  cooled  chamber  tubes.  The  planned  completion  date  for  this  chamber 
is  1  September  I966. 


(^♦)  Regeneratively  Cooled  Combustion  Chamber  SN-I» 
through  8R-10 

(u)  At  the  end  of  May  1966,  a  large  quantity  of  Inconel- 
718  tubing  was  delivered  from  the  mill  to  the  tube-forming  vendor.  This  tubing  will 
be  used  for  chambers  through  8H-10.  Processing  of  the  tubing  was  promptly 
initiated  at  the  vendor’s  plant.  Fabrication  of  the  small-diameter  tubes  (nominal 
OD,  0<48C  in.;  rominal  wall  thicknesses,  0.015  in.)  is  being  accomplished  in  a 
multiple-stage  tapering  operation  with  in-process  annealing.  Initir  tube  sets 
*'rom  this  lot  will  be  co£i7*.leted  early  in  August  1966. 
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IVy  B,  Secondary  Combustor  Assembly,  Design  and  Fabrication  (cont.) 

(u)  Ycipering  of  the  0,778-ln.~0D  (nominal)  tubing  pre¬ 
sented  no  problems.  Tapering  was  accomplished  in  a  single  operation. 

(u)  The  tube  tum-around  manifold  was  revised  during 
this  reporting  period  in  the  original  design  utilised  on  chambers  SN-1,  -2,  and  -3; 
the  right-hand  and  the  left-hand  tube  subassemblies  were  Joined  by  TIG-velding, 
followed  ^  fitting  and  electron-!''' m-velding  an  end  cap  (tum-around  assembly)  to 
the  tube  assembly.  Difficulty  h  .^een  experienced  in  making  this  Joint  leak-tight 
(TIG  velds  have  cracks);  and  the  ..^rength  of  this  Joint  becomes  marginal  when 
subjected  to  chamber  operating  pressures.  To  alleviate  this  condition,  the  original 
end  cap  was  replaced  by  machined  fittings  that  are  brazed  into  the  tube  subassemblies 
and  then  brazed  together  to  form  the  completed  tube  assembly.  Structural  analysis 
of  this  Joint  indicates  a  good  margin  of  safety  is  present  even  when,  the  design  is 
subjected  to  the  proof  pressures  for  the  modular  engine.  Chamber  SR^U  will  be  the 
firat  chamber  to  incorporate  this  design  chuige.  Completion  dates  for  the  machined 
fittings  are  compatible  with  the  tube  delivery  schedule  for  this  chamber. 

(5)  Other  Items  Related  to  the  Regeneratively  Cooled  Chamber 

(u)  Fabrication  of  all  chamber-layup  and  machining 
tooling  viu  completed.  Two  complete  mandrel  assemblies  are  now  available  for  chamber 
buildup.  Tooling  designed  during  the  previous  reporting  period  for  proof-,  leak-,  and 
flow-testing  the  chambers  was  fabricated.  One  complete  set  of  proof-,  leak-,  and 
flow-test  tooling  is  available  for  use.  All  tooling  required  for  application  of  the 
theraal-barrier  coating  to  the  chamber  was  completed.  Modifications  to  the  coating 
machine  have  been  made  and  checked  out.  The  coating  facility  is  currently  awaiting 
receipt  of  the  first  chamber  assembly. 

(u)  An  internal  final  report  on  the  strese  analysis  of 
the  regeneratively  cooled  chamber  was  issued.  This  report  stnmarizes,  and  discusses 
in  detail,  all  structural-analysis  efforts  undertaken  on  the  ABES  regeneratively 
cooled  chamber. 


(u)  Fabrication  of  chamber  metal  parts  is  continuing 
at  Aerojet-General,  Sacramento,  and  will  be  completed  well  in  advance  of  the  chamber 
tube  sets.  Metal  parts  are  ciirrently  order  for  all  chambers  through  chamber  SR-8. 

b.  Transpiration-Cooled  Combustion  Chamber 

(u)  Fabrication  of  the  transpiration-cooled  chambers  remained 
on  a  Task-Force  basis,  ctilminating  in  completion  of  the  first  chamber  at  the  end  of 
this  reporting  period. 


(u)  Laboratory  tests,  perfocmed  during  the  previous  reporting 
period,  detemined  that  the  best  method  of  Joining  the  flow-control  washer  to  the 
flow-diffusion  washer  was  by  spot-welding  and  that  Joining  these  washers  into 
unitized  compartments  could  be  best  achieved  by  TIG-velding  the  outer  periphery  with 
the  washer  stack  compressed  between  two  copper  plates. 
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(u)  The  most  difficult  remaining  task;  i.e.,  that  of  obtaining 
a  satisfactory  compartment  contour,  had  yet  to  be  demonstrated.  Therefore,  an 
ejq^erimental  protptype  compartment  composed  of  rejected  washers  was  fabricated  to 
demonstrate  the  unitizing  and  machining  operations  to  be  perfomed  on  each  compartment. 
To  detemine  the  effect  of  machining  the  contour,  the  compartment  was  water-flow 
tested  before  and  after  machining  the  inelde  diameter.  Hydraulic  Laboratory  data 
revealed  that  pressure-drop-versas-flow-rate  values  were  not  affected  by  machining. 

(tt)  By  the  end  of  April,  ell  0.001-  and  0.010-in. -thick 
washers  had  arrived  from  the  vendors.  Six  compartments . composed  of  these  washers 
were  completed  up  to  the  point  of  machining  the  inside  contour.  Contour-machining 
of  these  ccMportments  was  initiated  during  the  first  week  of  May. 

(u)  Concurrently,  several  sample  instrumentation  washers  were 
machined.  The  object  was  to  obtain  a  satiafactoiy  0.012-ln.-wlde  by  O.OlU-in.-deep 
rhAii^  groove  in  a  0.020-in. -thick  flow-diffusion  washer  into  ^ieh  a  thermocouple 
would  be  brazed.  The  beet  thermocouple  grooves  were  obtained  by  electric-discharge 
machining.  A  purchase  order  for  the  fabrication  of  six  grooves  in  each  of  12  washers 
was  let  during  the  middle  of  Msy.  Upon  completion  of  these  grooves,  the  washers  were 
shipped  to  a  brazing  vendor  where  the  first  washer  was  used  to  determine  the  proper 
amount  of  braze  required  per  thennocouple.  Upon  receipt  of  the  completed  instrumen-  • 
tation  washers,  it  was  noted  that  five  of  the  eleven  washers  ware  slightly  warped. 
Although  this  warpsge  is  undesirable,  it  did  not  appear  to  have  affected  the  assembly 
or  the  cold-flow  data. 


(u)  Delivery  of  the  0.020-in. -thick  flow-diffusion  washers 
continued  to  be  a  problem.  The  die  used  in  punehlng-out  the  washers  produced 
uniieecvtable,  bccentrlc  parts.  Extensive  coordination  with  the  vendor  resolved  the 
problem,  and  all  washers  were  available  by  the  end  of  Msy. 


(u)  By  the  end  of  May,  the  first  compartments  became  .. 
available  for  flow  evaluation.  As  discussed  in  the  previous  quarterly  report,  the 
best  fluid  for  flow-svaluating  the  compartments  is  trichloroethylene,  a  degreasing 
fluid  which  is  readily  available.  At  T7^F,  the  fluid  has  a  specific  gravity  of  1.2i6 
and  a  idscoslty  of  0.5?  (as  compared  to  l.i»3  and  0.393,  respectively,  for  H»0r). 

Thus,  the  Ccaq>OBents  Evaluation  Laboratory  in  Test-Area  A  prepared  a  facility^for 
flowing  the  coaipairtments  with  trichloroethylene.  Compartment  8  was  the  first 
available  for  test  evaluation.  The  compartment  was  flowad  at  inlet  pressures  of 
500  to  3000  pel  at  500-psi  Incrmsents.  Initial  data  appeared  questionable  because 
an  increase  in  back  pressure  would  increase  the  flow  rate  for  a  given  pressure  drop. 

It  was  determined  that  the  flow  fixture  separates  from  the  washer  stack  as  much  ss 
0.tH)l  in.  at  a  back  pressure  of  600  psi.  Data  at  lOO-psi  back  pressure  appeared  to 
correlate  well.  All  remaining  compartments  were  flowed  as  they  became  available, 
fit  a  back  pressure  of  100  psi.  Several  retainers  were  rcmachined  as  a  result  of  these 
h.ow  tests  to  ensxtre  proper  seating  of  the  washer  stack.  Flow  data  were  very  close 
to  predicted  values,  in  most  instances  being  slightly  higher  but  never  less  than  the 
value  predicted. 
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IV,  B,  Secondary  Combustor  Assembly,  Design  and  Fabrication  (cont.) 

(u)  All  compartments  were  completed  and  individually  flow- 
tested  by  mid-June.  Final  assembly  of  the  chamber  was  accomplished  during  one 
shift.  Assembly  was  accomplished  by  placing  the  aft  flange  on  the  assanbly  fixture 
first.  Cenpartoent  12  was  then  carefully  lowered  into  the  flange  recess.  The 
retainer  for  Compartment  11,  to  which  the  instrumentation  washer  had  been  spot- 
welded,  was  next  placed  on  the  aft  flange.  Washer  Compartment  11  was  then  care¬ 
fully  lowered  into  its  retainer.  This  procedure  was  continued  until  all  compart¬ 
ments  and  retainers  had  been  assembled. 

(u)  The  chamber  compartments  were  compressed  in  the  assembly 
fixture,  until  all  parts  bottomed  out,  by  means  of  a  5-in.-dia  solid  shaft,  which 
is  secured  at  the  forward  end  by  l6  bolts  and  runs  up  the  cc  ..r  of  the  chamber. 

(u)  Twelve  circumferential  seal  welds  were  then  made  to 
Join  the  outer  retainers  and  the  forvard  and  aft  flanges  into  one  unitized  chamber. 
Although  care  wos  exercised  in  making  the  1/8-in.  circumferential  TIO  welds,  it 
appeared  that  the  epoxy  used  in  sealing  the  thermocouple  wires  into  the  steel 
retainer  had  been  scorched. 

(u)  Proof-testing  of  the  chamber  with  trichloroethylene 
verified  this  conclusion.  Some  seepage  was  obtained  which,  although  minor,  was 
considered  a  safety  hazard.  Before  attempting  to  seal  the  thermocouple  exit  ports, 
it  was  decided  to  reflow  the  chamber  compartments  in  the  assembled  condition  to 
confirm  the  flow  parameters  established  during  the  individual  compartment  tests. 

(u)  The  resultant  flow  data  were  exceptionally  satisfactory. 
Whereas  some  compartments  flowed  somewhat  higher  than  predicted  in  individual  com¬ 
partment  flow  tests,  the  flow  data  for  the  assembled  compartments  were  somewhat 
lower,  more  closely  approximating  the  predicted  values.  Compartment  1  is  the  only 
compartment  whose  flow  characteristics  were  less  (about  5/5)  than  predicted, 

(u)  Varic  .8  methods  of  sealing  the  thermocouple  leaks  were 
considered.  TIO-welding  closed  the  leaks,  but  this  most  expedient  and  positive 
method  was  considered  unsatisfactory  because  it  would  destroy  the  thermocouple. 

The  most  promising  method  appeared  to  be  to  apply  a  thinned  epoxy  compound  to  the 
leaking  thermocouple  port  while  a  vacuum  was  produced  inside  of  the  chambers. 

This  method  proved  to  be  successful. 

(u)  All  compartment  retainers,  forward  and  aft  flanges, 
studs,  nuts,  and  seals  are  currently  available  for  the  second  chamber.  About 
1000  washers  have  already  been  received,  and  the  remainder  is  expected  to  be 
available  during  the  first  half  of  July. 

(u)  Several  modifications  on  the  second  chamber  are  being 
considered  as  a  result  of  experience  gained  in  fabricating  the  first  chamber. 

The  most  important  modification  will  be  a  redesign  of  the  retainer-instrumentation 
ports  to  eliminate  any  chuice  of  leakage. 
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XV,  3,  Secondwy  Ct«ibUftor  Assenbly,  Design  and  Fabrication  (cont<) 

(u)  The  ID  contour  of  the  first  two  eospartments  is  being 
nodified  to  increase  the  performance  potential  of  the  secondary  injector.  This 
nodifioation  eliminates  the  need  of  a  separate  outer  periphery  shroud,  currently 
being  evaluated.  A  change  order  for  the  vaehers  of  the  first  tvo  compartments  has 
been  issued. 


(u)  Additional  brazing  experiments  will  be  conducted  on 
sample  vashers  to  eliminate  a  recurrence  of  warping. 

(u)  Although  the  vashers  must  still  be  handled  and  fabricated 
with  care,  almost  all  problems  in  fabricating  the  first  chamber  have  been  resolved. 
The  chamber  is  scheduled  for  completion  early  in  August. 
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IV,  Secondary  CornTJUstor  Assembly 


C,  DEVELOPMENT  TESTING 
1.  Summary 

(u)  This  phase  of  the  sector-enelne  test  program  was  conducted 
to  obtain  performance  data  for  the  two  prospective  injector  concepts.  Both  the 
Rake  and  the  Mark-125  injecto^were  tested  in  I  secondary  combustor  configuration 
identical  to  that  of  the  ARES\odular  hardware.  The  data  indicated  that  the  per¬ 
formance  of  the  Mark-125  injector  is  l.hjf  higher  than  that  of  the  Rake  injector, 
and  the  Mark-125  injector  will  therefore  be  used  on  all  subsequent  testing. 

(u)  Fifteen  tests  were  conducted, of  which  eleven  were  successful. 
The  Rake  and  the  Kark-125  injectors  were  tested  four  and  seven  times,  respectively, 
in  chambers  with  L*  ranging  from  19*7  to  1*6,8  in.  A  cumulative  summary  of  all 
testing  is  shown  in  Figure  IV-1, 

(c)  The  single  most  significant  accomplishment  was  the  attain¬ 
ment  of  93.5J»  engine  Ig  with  the  Mark-125  injector.  This  performance,  when 
adjusted  for  predicted  film-coolant  losses,  will  meet  Phase-I  contract  commit¬ 
ments.  Other  significant  accomplishments  included: 

a.  The  demonstration  of  91*  1!^  I.  with  the  Rake  injector. 

b.  Evaluation  of  variations  in  L*  on  engine  performance. 

c.  Evaluation  of  mixture-ratio  distribution  effects  on  engine 
performances 

d.  Evaluation  of  ablative-noszle  friction  effects. 

e.  Evaluation  of  cwnbustion  losses  with  both  the  Rake  and  the 
secondary  injector. 

(u)  Testing  during  this  quarter  revealed  a  performance  degrada¬ 
tion,  which  is  directly  attributable  to  the  physical  configuration  of  the  modular 
injector  and  of  the  chamber.  The  aneLlyses  and  hardware  modifications  required 
for  a  successful  solution  of  this  problem  are  discussed  in  detail  in  Section 
IV,C,2,b,  below.  The  modifications  arc  now  being  designed  for  incorporation  in 
the  ARES  modular  engine. 

(u)  Another  problem,  resolved  in  this  quarter,  was  that  of  incon¬ 
sistent  flow  data.  The  uncertainties  as  to  the  reliability  of  flow  data  were 
eliminated  by  a  series  of  intenslfier  water-flow  tests  in  a  precisely  controlled 
environment.  The  resulting  data  established  a  flow-rate  accuracy  of  ^0.6%,  This 
testing  is  discussed  in  Section  IV,C,2,e. 
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IV,  C,  Development  Testing  (cont.) 


(u)  Preparotions  for  testing?  the  transpiration  cooled  chamber 
are  75J5  completed.  This  series  will  constitute  the  next  phnno  of  hot  testing. 
Testing  of  filn-cooled,  ablative-lined,  instrun.ented  hardware  will  follow,  immedi¬ 
ately  followed  by  testing  of  regenoratively  cooled  chambers’. 

(u)  Detailed  discussions  of  each  test  are  presented  In  Section 
IV, 0,3.  The  analysis  performed  in  support  of  engine  testing,  together  with  the 
interpretation  of  performance  data,  is  presented  in  Section  IV, 0,2. 

2.  Analysis 

a.  Summary 

(u)  Four  areas  were  analyzed  in  detail:  (l)  injector  per¬ 
formance,  (2)  test  support  using  the  transient  engine  model,  (3)  test  support 
using  the  steady-state  engine  model,  and  (h)  the  engine  flow-measurement  systems. 

(u)  The  performance  analysis  centered  on  three  topics: 
mixture-ratlo-distrlbution  losses,  combustion  losses,  and  nozzle  friction 

effects.  Testing  revealed  that  I^D  losses  exceeding  I8  sec  in  Ig  were  being 
generated  by  both  the  Rake  and  the  Mark  125  injectors.  Detailed  examination  of 
injector  and  chamber  configurations  revealed  that  primary  oxidizer  gas  was  escap¬ 
ing  through  an  annulus  and  remained  unroacted.  The  MRD  loss  was  eliminated  by 
installing  a  steel  ring  about  the  injector,  forcing  the  primary  gas  to  mix  and 
burn  with  the  secondary  fuel.  Continued  testing  further  defined  the  performance 
loss  incurred  by  the  relatively  rough  ablative  nozzle.  Combust ion -loss  analysis 
Indicated  that  the  performance  of  the  Mark  125  injector  is  l,h%  higher  than  that 
of  the  Rake  injector  in. a  comparable  configuration. 

(u)  Steadj'-stote  and  transient  engine  analyses  were  used  to 
support  engine  testing.  In  addition,  parametric  studies  are  being  conducted  to 
define  engine  system  requirements  for  the  forthcoming  cooled  testing. 

(u)  A  detailed  investigation  of  the  engine  flow-measurement 
systems  resolved  the  problem  of  inconsistent  flow  data.  The  Investigations  estab¬ 
lished  that  the  tape  system  is  best,  with  the  rotor-meter  system  being  nearly  as 
accurate.  The  potentiometric  and  orifice  systems  appear  to  be  relatively  inaccur¬ 
ate  and,  at  this  time,  will  be  used  for  back-up  data  only  (see  Section  IV,C,2,e). 

b.  Performance  Analysis 

(u)  The  first  15  ARES  modular-configuyation  tests  were  con¬ 
ducted  between  25  March  and  30  June  1966,  Two  secondary  injector  configurations 
ware  tested:  the  Mark  125  and  the  Rake  injectors.  Performance  analyses  of  the 
11  valid  modular-configuration  tests  are  sansnarizod  in  Figure  IV-1. 

(u)  The  design  of  the  ARES  Mark-125  secondary  injector  was 
based  upon  results  of  the  MarK-125  ICP  injector.  The  importance  of  uniformly  dis¬ 
tributing  the  injected  secondary  fuel  was  recognized  from  ICP  test  results. 
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IV,  C,  Development  Testing:  (cent.) 


Initial  test  results  with  both  the  ARES  MarK-12^  and  the  Rtd;e  secondary  injectors 
yielded  lower  performance  values  than  had  been  anticipated  on  the  basis  of  pro¬ 
jected  ICP  performance  data.  Tests  1.2-11-WAM-002  through  -005  were  made  with 
Configurations  A  and  D  of  Figure  IV-2.  Closer  examination  of  the  secondary 
injcctor-chofflber  interface  configuratian  indicated  the  possibility  that  oxidizer- 
rich  gases  from  the  primary  combustor  were  being  diverted  into  the  annulus  pro¬ 
vided  by  the  diverging  chamber  and  not  combusting  with  the  secondary  fuel,  thus 
resulting  in  a  mixture-ratio-distribution  (MRO)  loss.  This  was  confirmed  by 
installing  a  steel  ring  in  the  chamber  gap  during  Tests  l,2-ll-WAI'5-007,  -008,  and 
-010,  as  shown  in  Configuration  B  of  Figure  IV-2.  Although  performance  was 
increased  by  the  ring,  it  was  not  Increased  by  as  much  as  had  been  expected. 

Further  inspection  indicated  a  0.1-in.  tolerance  gap  between  the  secondary  injec¬ 
tor  vanes  and  the  chamber  through  which  oxidizer-rich  gases  from  the  primary  com¬ 
bustor  were  flowing.  When  a  steel  shroud  was  installed  to  fill  the  gap,  as  shown 
in  Configurations  C,  E,  and  F  of  Figure  IV-2,  performance  was  improved  further. 

For  purposes  of  comparative  analysis,  zero  mixture-ratio-distribution  loss  was 
assumed  for  the  secondary  injectors  when  tested  in  the  last  three  configurations. 
With  this  assumption,  there  is  a  MRD  loss  of  10.3  and  of  l8.9  sec,  respectively, 
if  the  Mark-125  injector  is  tested  with  only  t)ie  chamber  ring  or  tested  with 
neither  the  ring  nor  the  shroud.  The  Rake  injector  has  a  MRD  Joss  of  on3y  7.5  sec 
when  tested  without  the  ring  and  the  shroud.  The  MRD  lose  with  the  Rake  injector 
is  believed  to  be  lower  because  the  swirl-fuel  injector  of  this  design  permitted 
some  fuel  to  burn  with  the  oxidizer-rich  gases  in  the  outer  chamber  annulus  and 
thus  to  reduce  the  MRD  loss.  In  this  analysis,  the  MRD  losses  for  the  injector 
configurations  tested  with  a  shroud  were  taken  to  be  zero,  based  on  the  assumption 
of  an  even  oxldlzer-rlch  gas  distribution  at  the  secondary  injector. 

(u)  Combustion-loss  analyses  of  these  tests  indicate  that 
the  performance  of  the  Mark-125  secondary  injector  is  about  higher  than  that 
of  the  Rake  injector  in  a  comparable  L*  ARES  chamber.  Further,  it  appears  that  the 
performance  of  the  modular  Mark-125  injector  (9.5  in.  dia)  is  almost  1J»  lower  than 
that  of  the  ICP  configuration  (8.5  in.  dia).  Combustion  loss  data  vs  L«  are  shown 
in  Figure  IV-3  for  the  three  secondary  injector  configurations.  The  tost  data  were 
corrected  to  represent  the  combustion  loss  at  a  nozzle  area  ratio  of  20,  i.e., 
that  of  the  ARES!  modular  configuration. 

(u)  When  repeat  firings  are  made  with  a  given  ablative 
nozzle,  the  nozzle  wall  becomes  progressively  rougher,  which  ccusos  a  correspond¬ 
ing  increase  in  nozzle  friction  loss.  The  performance  data  in  Figure  IV-3  reflect 
the  adjustment  made  in  nozzle  friction  loss  to  account  for  the  varying  degrees  of 
nozzle  surface  roughness. 

e.  Steady-State  Analysis 

(u)  The  steady-state  :xnputer  program  was  used  to  study  the 
ef  ocs  on  the  balance  condition  of  a  series  of  variations  in  film-cooiant  manifold 
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IV,  C,  Development  Testing  (cont.) 


resistance  for  both  ablative  and  regeneratively  cooled  chambers.  These  studies 
included  pump- fed  and  intensifier-fed  systems.  Pending  the  receipt  of  water-flow 
resistance  data,  these  studies  will  be  completed  and. discussed  in  the  next  report. 

(u)  The  steady-state  program  was  also  used  for  reducing  the 
test  data  and  for  predicting  engine-balance  conditions  during  tests  on  the  sector 
engine. 


d.  Transient  Analysis 

(u)  The  verified  analytical  model  of  the  ARES  TCA  H-2  test 
system  was  used  to  determine  the  controls  requirements  for  testing  during  this 
quarter.  Sane  valve  times  were  changed  to  optimise  the  transients.  The  opening 
tine  on  the  SCFV  was  shortened  to  decrease  the  time  delay  between  ignition  of  the 
primary  and  the  secondary  combustors,  whereas  the  closing  time  of  the  PCOV  was 
shortened  to  decrease  the  amount  of  oxidiaer  lag  on  shutdown.  The  ramp-pressxire 
rise  rates  were  increased  over  a  series  of  five  tests  to  provide  faster  start 
transients. 

(u)  A  problem  was  encountered  during  the  start  transient 
between  primary  and  secondary  ipiltion:  The  oxidiaer-rieh  primary  gas  was  pres¬ 
surising  the  secondary  chamber  sufficiently  to  force  the  gas  into  the  secondary 
fuel  manifold  prior  to  its  filling.  A  pressure  spike  on  the  fuel-injector  pres¬ 
sure  indicated  some  burning  in  the  fuel  manifold.  This  problem  was  solved  by 
isolating  the  fuel  from  the  oxlditer  gas  with  a  Ng  gas  purge,  which  is  automatic¬ 
ally  terminated  by  a  check  valve  at  1*50  psig. 

(u)  The  control  sequence  for  the  film-cooled  test  series 
was  developed.  Except  for  the  film-ccolant  valve,  the  sequence  is  the  same  as 
that  for  the  uncooled  tests. 

e.  Plow-Rate  Calibration 

(u)  Engine  testing  during  this  and  the  preceding  quarter 
revealed  large  uncertainties  in  flow  measurement.  The  intensifler-configured 
engine  has  four  means  of  flow  measurement!  rotor  meters  and  delta  orifices  in  the 
engine  lines,  a  linear  tape  system,  and  a  potentiometer  system  measuring  intensi- 
fier  piston  travel.  The  discrepancies  between  these  measurement  systems  were 
found  to  be  as  high  as  Uf,  Because  these  discrepancies  affect  performance  evalua¬ 
tion,  tests  were  made  with  precisely  calibrated  flow  to  resolve  the  uncertainties. 

(u)  The  calibration  objectives  were  two-fold!  (l)  to  verliy 
the  dlmeneional  accuracy  of  the  intensifiers,  and  (2)  to  determine  how  well  the 
position  of  the  picton  is  measured  by  the  potentiometric  and  tape  'lystems.  Cali¬ 
brations  were  made  at  1000  and  5000  psig  using  water  tis  the  working  fluid.  Flow 
was  measured  with  two  standard  meterB  in  series,  whereas  intenslfler  piston  posi¬ 
tion  was  measured  with  a  highly  accurate  break -wire  system. 
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(u)  The  Intenslfler  volumes  calculated  by  the  break-wire 
oystom  were  compared  to  those  found  by  flow  measurement.  Differences  of  only 
+0,01  and  -0,0J*7Jf  were  found  for  the  oxidizer  and  fuel  intenaifiers,  respectively. 
This  excellent  correlation  confirmed  the  intensifier  dimensions,  and  the  intensi- 
fiers  can  therefore  be  considered  as  secondary  standards  when  used  with  the 
break-wire  system. 


(u)  Initial  analysis  of  the  tape  system  revealed  some  data 
loss  caused  by  electrical  noise  of  the  system.  This  condition  was  also  apparent 
in  hot  testing.  The  noise  problem  was  eliminated  by  increasing  system  voltage. 
Sufficient  tape  data  were  salvaged  for  comparison  with  the  break-wire  reference 
system  and  Indicated  little  difference  between  oxidizer  and  fuel  intensifier 
operation.  Both  intensifier  tape  systems  were  compared,  yielding  an  output  0.17/S 
lower  than  the  break-wire  Indications,  with  a  le-deviation  of  +0.SS?  about  the  mean. 
Therefore,  the  measured  flow  should  be  increased  0.17l(  to  obtain  valid  flow  rates. 
The  flow  uncertainty,  at  increased  flow,  would  be  +0.66)$. 

(u)  In  contrast  to  the  tope  system,  the  potentiometer  sys¬ 
tem  is  biased  by  set-up  prior  to  testing.  Review  of  the  data  indicated  a  +0.b37^ 
oxidizer  bias  and  a  -0,l87!$  fuel  intensifier  bias.  The  lo  repeatability  about 
the  bias  point  was  +0,l66  and  +0,082)!  for  the  oxidizer  and  fuel  intensifiers, 
respectively.  It  must  be  emphasized  that  the  bias  error  is  not  consistent  and  is 
dependent  only  on  pretest  setup.  If  a  means  of  eliminating  or  ensuring  a  constant 
bias  is  used,  the  potent iometric  system  beecmieo  highly  accurate.  The  error  as  a 
function  of  piston  travel,  without  bias  or  with  constant  bias,  is  listed  below: 

Distance,  in.  3o  Error,  % 

18  0.696 

36  0.b92 

5l»  0.b02 

72  0.3>*8 

(u)  With  the  information  generated  by  the  calibration  tests, 
the  hot-test  flow  data  were  re-analyzed  using  the  flow  tape  as  a  standard.  The 
eni'ine  flowmeters  were  found  to  be  accurate  within  +I.OX.  Flow  through  the  ori¬ 
fices  appeared  to  be  31$  high  on  the  fuel  side  and  +S>  on  the  oxidizer  side. 

(u)  Future  performance  calculations  will  be  based  on  tape 
flows  as  a  first  source  and  on  meter  flows  as  a  second  source.  Orifice  and 
potentioraetric  data  will  be  used  as  back-up  dato  only.  Currently,  work  is  being 
directed  toward  eliminating  the  random  potentiometer  bias  and,  when  completed, 
this  measurement  system  will  offer  another  excellent  means  of  obtaining  flow 
information. 
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IV,  C,  Development  Teatinfs  (cont.) 


3.  Modular  Secondary  In.lcetor  Kvaluatlon 
a .  Summary 

(u)  Fifteen  tests  were  conducted,  11  of  which  produced 
valid  performance  data.  Two  injector  concepts,  the  Rake  and  the  Mark-i25  injec¬ 
tor,  were  tested.  The  Rake  injector  was  fired  four  times  in  chambers  with  charac¬ 
teristic  lengths  (L*)  ranging  from  19.7  to  >»6.5  in.  The  Mark-125  injector  was 
fired  successfully  seven  times  in  chambers  with  L*  ranging  from  20,0  to  hC.Q  in. 
The  four  invalid  tests  included  two  tests  which  were  terminated  due  to  start 
malfunctions;  one  test  was  terminated  due  to  an  intonsifier  malfunction,  and  the 
data  from  the  other  test  wore  considered  compromised  because  the  exit  liner  had 
been  ejected. 


(u)  Engine  system  operation,  in  general,  was  smooth  and 
stable,  with  no  temperature  excursions.  The  intensifiers  continued  to  perform 
reliably  and  well  (except  in  one  test).  Control  difficulties  in  earlier  testing 
were  completely  eliminated,  and  startup  and  shutdown  transients  were  as  predicted. 

(c)  Significant  accomplishments  in  this  quarter  included: 


(l)  Demonstration  of  over  91?^  Ig  with  both  the  Rake  and 
the  Mark-1?5  injectors  (see  Figure  IV-1  for  a  complete  tabulation  of  performance). 


(2)  Evaluation  of  L*  effects  on  engine  perfonrnnee. 

(3)  Evaluation  of  Injector-chamber  N^RD  effects  on  engine 

performance , 

(h)  Continued  evaluation  of  the  ablative-nor.zle  friction 

characteristics. 


(5)  Evaluation  of  inherent  Injector  combustion  losses,  from 
which  it  was  established  that  the  performance  of  the  Mark-125  injector  was  higher 
than  that  of  the  Rake  injector. 


(c)  Testing  revealed  that  lower-than-expected  performance 
could  be  attributed  to  an  adverse  mixture-ratio  distribution.  The  adverse  distri¬ 
bution  was  caused  by  a  gap  between  the  injector  and  the  chamber  through  which 
primary  oxidizer  gas  could  escape.  The  resulting  distribution  produced  a  fuel- 
rich  core  surrounded  by  oxidizer-rich  gas  (see  Section  V,C,2,e  for  a  complete 
discussion).  This  condition  was  rectified  by  plugging  the  gap  with  a  shroud  and 
a  ring.  The  various  shroud-ring  modifications  are  shown  In  Figure  IV-2.  This 
solution  successfully  increased  Mark-125  injector  performance  from  85.6  to  93.5? 

of  theoretical  I  . 

s 


(c)  T>’C'  attainment  of  93.5.?  Ig  is  noteworthy  because  this 

c  gine  would  meet  the  Phase-I  commitment  when  fired  in  the  cooled  configuration. 


Poge 

CONFIDENTIAL 


CQHFI6ENTIAL 

Report  10830-Q-U 


1V»  C,  Development  Tcstinc  (cont.) 


with  coolant  looses  as  predicted  by  ICP  testing.  The  Rake  injector,  although 
demonstratinfs  91. 1!^  Ig*  produced  2,UJ!  Ig  less  than  the  Mark-125  injector  in  a 
comparable  chamber  configuration.  The  test  program  will  therefore  be  continued 
with  the  MarH-125  secondary  injector. 

b.  Engine  Description 

(u)  Th  ARES-conflguratlon  sector  engine  remained  essen¬ 
tially  unchanged.  A  complete  description  of  the  engine  system  was  given  in  the 
third  quarterly  report, 

e.  Tests 

(1)  Test  1.2-11-WAM-OOl 

(a)  Purpose 

(u)  The  major  objective  of  this  test  was  to 
evaluate  the  performance  of  an  ARES  modular  secondary  injector  in  a  chamber- 
injector  configuration  identical  to  that  of  the  regeneratlvely  film-cooled  engine 
(see  Figure  IV-2,  Configuration  A).  Engine  mixture  ratio  was  to  be  2.5  to  permit 
a  comparison  with  previously  generated  Integrated  Components  Program  (ICP)  data. 

In  addition,  the  testing  was  to  demonstrate  the  mechanical  integrity  of  the  engine 
system. 


(b)  Attempted 

(c)  The  Kod-H  primary  injector,  the  Mark-125 
secondary  injector  (see  Figure  IV-h),  an  ablative  1*6. 8-in.  L*  cylindrical  secondary 
chamber,  an  ablative  expansion  nozzle  with  an  area  ratio  of  13,  and  a  modular 
secondary-to-primary  adapter  section  were  used  in  this  test.  High-pressure  pro¬ 
pellants  were  provided  by  intensifiers.  Scheduled  duration  was  2  sec  at  a  chamber 
pressure  of  2800  psia. 


(c)  Obtained 

(u)  Testing  was  prematurely  terminated  at  FS-1 
+0.903  sec  by  an  erroneous  flow  signal. 

(d)  Discussion 

^  Hardware 

(u)  Ho  hardware  damage  was  sustained;  all 
components  were  suitable  for  retesting. 
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/J  Test 

(u)  Examination  of  test  records  disclosed  that 
a  aecr/fldary  fuel-flov-sensing  device  vas  operating  erratically.  This  signal  indi¬ 
cated  <}.  higher-than-safe  fuel  flow,  which  resulted  in  preniatiu*e  engine  shutdovm. 

This  devict'  was  subsequently  removjsd  from  the  malfunction  circuit. 

(2)  Test„1.2-ll-W/t}4-002 

e  '■  la;  Purpose 

(u)  The  objectives  were  identical  to  those  of 

Test  1.2-11-WAM-OOl. 

(b)  Attempted 

(u)  The  repeat  test  on  26  March,  1966  was  to  be 
performed  with  the  hardware  and  at  the  engine  conditions  of  Test  1.2-11-WAI<!-001, 

(c)  Obtained 

(e)  The  engine  performed  successfully  for  1.909  sec. 

In  the;  l*6.8Tin.-L*  chamber,  the  engine  delivered  a  specific  impulse  of  2?0,2  Ibf-sec/lbm 
at  a  chamber  pressure  of  281*8  psia  for  a  steedy-state  duration  of  0.30  sec. 

(d)  Discussion 

^  Hardware 

(u)  No  damage  was  sustained,  and  all  compo¬ 
nents  were  suitable  for  retesting. 

2  Test 

(u)  Engine  operation  van  completely  satis¬ 
factory;  startup  and  shutdown  were  smooth  and  stable;  no  ten^jeratuia  excursions  were 
noted,  and  steady-state  engine  operation  was  as  predicted. 

(3)  Test  1.2-U-WAM-003 

(a)  Purpose 

(u)  The  objectives  of  this  test  were  to  evaluate 
the • performance  mechanical  integrity  of  the  Mark-125  secondary  injector  at  the 
ARES  desiipa  point. 
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(b)  Attempted 

(c)  The  test  was  to  be  performed  with  the  hardware 
used  in  Tc-st  The  Intended  chamber  pressure  end  the  secondary  mix¬ 

ture  rat ,0  were  2800  psia  and  2.20,  respectively. 

(c)  Obtained 

(c)  Satisfactory  operation  was  again  obtained  on 
29  ^ferch  1966  for  the  prescribed  duration  of  2.S13  sec.  Specific  impulse  in  the 
ii6.8-in.-Ii*  chamber  was  ??73.1  Ibf-ser/lbm  at  a  chamber  pressure  of  2811  psia  for  a 
steacl;r-state  duration  01  0.66  sec. 

f  t 

(d)  Discussion 

1  Test  Hardware 

(u)  No  damage  was  sustained,  and  all  compo¬ 
nents  were  suitable  for  retesting. 

2  Test 

^u)  Analyv^ir;  cm  the  test  records  indicated 
excell .lut  engine  operc'lon.  The  contvc-.l  sy&t"5j  c)’'  '*ted  as  predicted.  Injector 
performance  was  lover  than  indicated  by  previv.js  ICP  experience.  The  lower  per- 
formenoe  was  attributed  to  an  adverse  mixture-ratio  distribution  aicross  the  injector 
face  !?ue  to  a  gap  about  the  periphery  of  the  fuel  elements  (see  Figure  IV-2, 
ConfigcTation  A). 


(1»)  Test  1.2-U-WAM-OOU 


(a)  Purpose 

(u)  The  objtactive  of  this  test  was  to  evaluate  the 
performance  of  the  Rake  injector  in  a  nominal  145-in. -L*  ARES  cooled  TCA  configuration. 

(b)  Attempted 

• 

(a)  The  Rake  secondary  injector  (Figure  IV-2, 
Configuration  D)  was  used.  Engine  balance  was  at  the  ARES  design  point.  The 
remaining  hardware  was  unchanged. 
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(c)  Obtained 

(c)  The  test  was  conducted  satisfactorily  on 
30  14arch  19^6  for  a  total  duration  of  2,026  sec.  Specific  impulse  in  the  l»6.6-in.-L* 
chamber  was  285.0  Ibf-Gsc/lbm  at  a  chamber  pressure  or  2850  psia  for  a  steady- 
state  duration  o.f  0.37  sec. 


(d)  Discussion 

^  Test  Hardware 

(u)  Ho  major  damage  was  noted.  Only  the  tips 
of  the  fuel  elements  on  the  Bake  injector  exhibited  minor  random  erosion;  however, 
the  hardware  was  suitable  for  retesting. 

£  Test 

(u)  Engine  operation  was  as  predicted;  shut¬ 
down,  steady-state,  and  control  functions  operated  normally.  Performance,  although 
higher  than  in  previous  Mark-125  tests,  was  still  below  that  required  by  regenera- 
ti-v^Jy  film-cooled  of^ration.  Low-frequency,  high-B:,clituda  j&cillations  occurring 
fiurin,  the  low  levc'lo  of  the  atox^  tr#f.;sient,  attenu  .trd  at  ‘'tv.lf  tte  chamber  pres¬ 
sure  und  aiss';' peered  at  r^teady  atett. 

(5)  Tess  1.2-ll-WAJ-i-005 

(a)  Purpose 

(u)  The  objectives  of  this  test  were  identical  to 
those  of  Teat  1,2-11-WAM-OOl;  in  addition  the  test  was  made  to  establish  a  second 
perf&:mance-data  point  at  a  longer  duration  for  the  Rake  injector. 

(b)  Attempted 

(u)  Again,  the  balance  point  and  the  hardware  con¬ 
figuration  remain  unchanged.  Steady-state  duration  was  scheduled  to  be  0.5  sec. 

(c)  Obtained 

(c)  The  test  was  completed  on  30  Iferch  1966;  total 
engine  running  time  was  2.309  sec.  Again,  engine  operation  was  normal;  specific 
la^ulae  in  the  J»6.1-ln.-L*  chamber  was  285.0  Ibf-sec/lbm  at  a  chamber  pressure  of 
2020  psia.  Steady-state  duration  was  0.66  sec. 
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(d)  Discussion 

1  Test  Hardware  | 

(u)  No  major  damage  was  noted.  Again,  the  I 

tips  of  the  fuel  elements  eroded  slightly,  but  the  remaining  hardware  was  suitable  j 

for  refiring.  j 

! 

2  Test  I 

(u)  All  engine  functions  were  as  predicted.  | 

Low-frequency,  high-amplitude  oscillations  were  again  present  and  attenuated  ui)on 
i  approaching  steady-state  operation.  Performance  was  nearly  identical  to  that  in  | 

I  Test -OOU— still  lower  than  required.  | 

(u)  Performance  analysis  indicated  a  loss  in  ’ 

specific  impulse  as  high, as  18  Ibf-sec/lbm,  caused  by  an  adverse  MRD  attributed  to 
a  gap  between  the  injector  and  the  chamber  which  allowed  primary  gas  to  escape 
radially  from  the  injector.  This  phenomenon  and  the  analysis  are  explained  in 
Section  IV, C, 2.  The  effects'  of  the  gas  were  eliminated  by  installing  a  ring  about  j 

the  injector  (see  Figure  IV-2,  Configuration  B).  ! 

I 

(u)  Disassembly  of  the  engine  revealed  largo  | 

distortions  in  the  injector-adapter  seal.  This  condition  was  corrected  by  replac-  | 

ing  the  Parker  V-scal  with  an  oami-seal. 

(6)  Test  1.2-11-WAM-006  ; 

s 

(a)  Purpose  ; 

(u)  The  test  objective  was  to  evaluate  the  perform¬ 
ance  of  the  Rake  injector  with  the  injector-chamber  gap  removed. 

(b)  Attempted 

i 

(u)  The  test  was  conducted  at  the  same  balance  point 
as  in  Test- 005.  The  only  hardware  change  was  the  addition  of  the  performance  ring  to 
fill  the  0,5-in. -wide  gap  between  the  chamber  and  the  injector. 

1 

(c)  Obtained  | 

(u)  The  test  was  conducted  on  1  April  1966,  with  a  I 

total  engine  running  time  of  I.728  sec.  The  test  was  terminated  when  a  malfunction 
sensing  device  indicated  that  the  fuel-int^nsifier  pressure  was  greater  than  the  | 

oxidixer  pressure,  ; 
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(d)  Discussion 

Hardware 

(u)  Posttest  inspection  revealed  severe 

erosion  of  the  primary  combustor  chamber,  turbulator  section,  Rake  injector,  and 
perfoni;ance  rl  g. 

2  Test 

(u)  Data  analysis  re-  ealed  that  the  shutdown 
was  caused  by  the  .remature  failure  of  a  U-in.-dia  burst  diaphragm  located  in  the 
oxidizer-intensifi-,  '  gas-supply  system.  The  diaphragm  is  a  ssifety  device  that 
protects  the  intensifier  from  large  overpressures. 

(u)  Venting  the  oxidizer  intensifier  rapidly 
reduced  both  oxidizer  flow  and  pressure,  decreasing  chamber  pressure  and  increasing 
primary  fuel  flow,  which  shifted  primary-combustor  mixture  ratio  l*rcan  oxidizer-rich, 
through  stoichiometric,  to  fuel-rich.  The  shift  resulted  in  very  hot  gases,  which 
ultimately  attacked  and  destroyed  the  hardware. 

(u)  Future  failures  of  this  type  will  be  pre¬ 
vented  by  installing  seven  1-1/2-in. -dia  diaphragms  in  parallel,  thus  allowing  a 
more  gradual  mixture-ratio  shift  in  the  event  of  a  random  diaphragm  failure.  The 
diaphragms  were  sized  to  permit  a  compensation  for  flow  reductions,  caused  by  fail¬ 
ure  of  one  diaphragm,  by  action  of  the  2-  or  b-in.  flow-control  valves  without  sub¬ 
jecting  the  engine  to  mixture-ratio  excursions. 

(T)  Test  1.2-11-WAM-007 

(a)  Purpose 

(u)  The  test  objectives  were  to  evaluate  the  per¬ 
formance  of  the  Mark-125  secondary  injector  with  the  performance  ring  installed. 

(b)  Attempted 

(u)  Test  conditions  were  identical  to  those  of 
Test  -006  except  that  the  Mark-125  secondary  injector  and  the  performance  ring  were 
used. 
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IV,  C,  Development  Testing  (cont.) 


(c)  Obtained 


(c)  Testing  Xu  a  J*3.2-in.~L*  chamber  was  completed  on 
19  April  1966.  Total  engine  running  time  was  2.010  sec.  Operation  was  as  predicted. 
The  engine  generated  a  specific  impulse  of  282. l»  Ibf-sec/lbm  at  a  chamber  pressure 
of  285^  psia  for  a  steady-state  duration  of  0.t8  sec. 


(d)  Discussion 


suitable  for  retesting. 


3^  Test  Hardware 

(u)  No  damage  was  noted.  The  hardware  was 


2  Test 

(u)  All  engine  functions  were  ar;  predicted.  A 
specific  impulse  efficiency  gain  of  was  recorded  and  was  attributed  to  the  addition 
of  the  performance  ring.  This  performance  increase  was  not  yet  high  enough  for  the 
operation  of  a  regeneratively  film-cooled  chamber. 


(8)  Test  1.2-13.-WAM-008 

(a)  Purpose 

(u)  The  major  objective  was  to  evaluate  the  Mark-125 
injector-performance  ring  (see  Figure  IV-5)  in  a  chamber  of  reduced  L*.  A  second 
objective  was  to  establish  the  friction  loss  of  an  ablative  nozzle  with  a  steel  exit 
section. 

(b)  Attempted 

(u)  The  engine  balance  point  remained  unchanged. 
Substitution  of  the  steel  exit  section  and  a  35.0-in.-L*  chamber  constituted  the 
only  hardware  changes. 

(c)  Obtained 

(c)  Testing  was  completed  on  20  April  1966.  Total 
engine  running  time  was  2.011  sec.  Again,  the  engine  operated  successfully,  gener¬ 
ating  a  specific  ij^ulse  of  286  Ibf-sec/lbm  at  a  chamber  pressure  of  289I  psia 
over  a  steadi-state  dxiration  of  0.37  sec. 
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(d)  Discussion 

Hardware 

(u)  No  damage  was  noted.  The  engine  was  suit¬ 
able  lor  retesting.  The  ablative  expansion  nozzle  exhibited  slight  roughening  just 
downstream  of  the  throat. 


2  Test 

(u)  All  engine  functions  were  as  predicted. 
Performance  was  improved  0.90?.  Sufficient  data  were  obtained  to  establish  the 
friction  loss  of  the  ablative  nozzle. 


(9)  Test  1.2-ll~WA14-009 


(a)  Purpose 

(u)  This  test  was  a  continuation  of  the  Mark-125 
injector-evaluation  test  in  a  chamber  of  reduced  L*. 

(b)  Attempted 

(u)  The  test  was  conducted  at  the  AKES-engine 
balance  point.  The  secondary  chamber  had  a  characteristic  length  of  20  in.  and 
was  equipped  with  an  ablative  nozzle, 

(c)  Obtained 


(u)  Testing  was  terminated  at  FS-1  +0.U1  sec  due 
to  an  "open”  condition  of  the  first-motion  oxidizer-valve  microswitch . 


shutdown. 


(d)  Discussion 

^  Hardware 

(u)  No  damage  resulted  from  the  premature 


2  Test 

(u)  Posttest  examination  revealed  satisfac¬ 
tory  microswitch  operation.  The  "open"  condition  was  the  result  of  a  broken  elec¬ 
trical  connector.  The  connection  was  repaired  and  the  engine  set  up  for  a  "repeat 
firing. 
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IV,  C,  Development  Testing  (cont.) 

(10)  Test  1.2-.11-WAM-010 

(a)  Purpose 

(u)  The  test  was  a  repeat  of  Test <,009. 

(b)  Attempted 

(u)  The  engine  balance  point  and  the  hardware  were 

identical  to  those  of  Test -009. 

(c)  Obtained 


i 


V 

I 

i. 


(c)  Testing  was  completed  on  20  April  1966  with  the 
engine  operating  satisfactorily.  The  engine  ran  2.009  sec,  generating  a  specific 
impulse  of  278.8  Ibf-sec/lbm  at  a  chamber  pressure  of  281»l  psia.  Steady-state  dura¬ 
tion  was  0.4i(  sec. 


(d)  Discussion 

^  Test  Hardware 

(u)  Ho  damage  was  noted.  The  engine  was  suit¬ 
able  for  retesting.  Nozzle  roughening  was  minimal, 

2  Test 

(u)  Engine  operation  was  as  predicted.  The 
specific  Impulse  attained  in  the  20.0-in.-L*  chamber  was  T.3  Ibf-sec/lbm  lower  than 
the  35-in. chamber,  indicating  the  characteristic  relationship  between  combustion 
loss  and  stay  time. 


(u)  At  this  point,  testing  was  suspended  to 
permit  a  careful  analysis  of  all  i^erfozpiance  data.  It  was  noted  that  agreement 
between  the  four  flow-measurement  systems  was  poor.  A  flow-calibration  investiga¬ 
tion,  described  in  Section  IV, 0,2,  was  therefore  conducted  to  define  and  correct 
this  condition.  The  information  gained  made  a  precise  determination  of  performance 
possible.  The  detailed  performance  analj'sis  (see  Section  IV,C,2)  indicated  that 
performance  could  be  increased  another  3  Ibf-sec/ibm  ly  removing  a  tolerance  gap 
between  the  injector  and  the  performance  ring. 

(u)  Although  the  perfonuance  ring  completely 
filled  the  1/2-in. -wide  chamber  step,  primary  gas  still  bypassed  the  secondary 
injector,  resulting  in  a  mixture-ratio-distribution  loss.  The  gas  escaped  through  a 
0.102-in. -wide  gap  between  the  injector  blades  and  the  ring  (see  Figure  IV-2, 
Configuration-B).  The  gap  was  plugged  by  welding  a  cylindrical  shroud  to  the  injec¬ 
tor  blades;  the  shroud  extended  1  in.  below  the  injector  face,  retaining  the  primary 
gas  within  the  fuel  elements  {Figure  IV-2,  Configuration-C) . 
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(11)  Test  1.2-il-WAM~011 

(a)  Purpose 

(u)  The  objective  was  to  ascertain  the  effect  of 
the  performance  ring-shroud  combination  on  injector  performance. 

(b)  Attempted 

(u)  The  Mark-125  injector  and  the  performance  ring- 
shroud  combination  were  fired  in  the  35~in.-L*  chamber  at  ASES-engine  balance  condi¬ 
tions.  This  configuration  is  shown  as  Configuration-C  in  Figure  IV-2.  A  steel 
nozzle-exit  section  was  used  in  this  test. 

(c)  Obtained 

(c)  Testing  was  completed  on  2  May  19^6,  with  the 
engine  running  successfully  for  2.003  sec.  The  engine  generated  a  specific  impulse 
of  295.5  Ibf-sec/lbm  at  a  chamber  pressure  of  2828  psia  for  a  steady-state  duration 
of  0,52  sec. 

(d)  Discussion 

1  Test  Hardware 

(u)  The  injector  exhibited  erosion  on  two  of 
the  fuel  vanes  at  the  manifold  attachment  point.  The  erosion  is  attributed  to  fuel 
le^^e  at  the  veld  causing  hlghrtmperatxire  cembustion.  The  performance  ring  was 
eroded  back  to  the  meeting  point  of  -ring  and  shroud. 

2  Test 

(u)  Engine  operation  was  as  predicted.  Per¬ 
formance  was  significantly  improved,  confirming  that  performance  loss  was  due  to 
adverse  MR  distribution.  Based  on  predicted  film-coolant  losses,  this  engine  would 
»e,et-'iihe  Phase-I  contract  coBwitment  when  fired  in  the  cooled  configuration, 
assuming  that  losses  are  commensxirate  with  those  developed  during  the  ICP 

residual-hardware  test  series. 

(12)  Test  1.2-11-WAK-012 

(a)  Puri»se 

(u)  Test  objectives  were  to  evaluate  the  perform¬ 
ance  of  the  Rake  injector  and  of  tho  performance  ring-shroud  combination  it.  a  short 
L*  chamber. 
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IV,  C,  DeveXopieent  Testing  (cont.) 

(b)  Attempted 

(u)  The  Rake  injector  vas  tested  at  ARES-engice 
balance  conditions  in  a  19.7-in.-L«  ablative  chanber  with  a  steel  nostle.  Ibis 
assembly  is  shown  as  Configuration-E  in  Figures  IV-2  and  IV-6. 

(c)  Obtained 

(c)  Testing  was  cos^leted  on  3  May  1966,  with  the 
engine  running  successfully  for  2.002  sec.  The  engine  generated  a  specific  inpvtise 
of  281.9  Ibf-sec/lbn  at  a  chamber  pressure  of  2820  psia  for  a  steady-state  duration 
of  0.49  sec. 

(d)  Discussion 


^  Test  Hardware 

(u)  A^in,  slight  erosion  was  present  on  the 
tips  of  the  fuel  elements,  but  the  injector  was  suitable  for  retesting.  Ibe  perform¬ 
ance  ring  showed  slight  erosion  on  the  trailing,  edge. 


(u)  Engine  operation  was  u  predicted.  The 
combination  of  Rake  injector  and  short  L*  chamber  produced  a  specific  ii^ulse 
efficiency  4.9  less  than  the  Mark-129  injector  in  a  similar  chamber. 

(13)  Test  1.2-11-VAN-013 

(a)  Purpose 

(u)  The  test  objective  was  to  determine  the  per¬ 
formance  of  the  Rake  injector  in  a  42.l-in.-L*  chamber. 

(b)  Attempted 

(u)  The  engine  balance  point  was  identical  to  that 
of  the  previous  test;  all  other  conditions  were  identical  except  that  a  42. 1-in. -L* 
chamber  was  used. 

(c)  Obtained 

(c)  The  engine  was  fired  successfully  on  3  May  1966 
and  operated  for  2«006  sec.  This  hardware  combination  generated  a  specific  impulse 
of  286.1  Ibf-sec/lbm  at  a  chamber  pressure  of  2771  peia  for  a  steady-state  duration 
of  0.60  sec. 
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IV,  C,  Development  Testing  (cont»)‘ 

(d)  Discussion 

^  Hardware 

(u)  No  damage  van  noted. 

2  Test 

(u)  The  specific  inpxjlse  efficiency  attained  with 
the  Rake  injector  was  2,U%  lower  than  that  attained  with  the  jfark~125  in  a  compar¬ 
able  configuration  {Test  1.2~11-WAM-011).  This  test  therefore  established  the 
superiority  of  the  Mark-125  injector. 

(ll»)  Test  1.2-li-WAM-Olh 

(a)  Purpose 

(u)  Hie  objective  was  to  fire  the  Mark»125  injector 

in  a  hO-in.-L*  chamber. 

(b)  Attempted 

(u)  The  engine  balance  point  remained  unchanged; 
the  oiLj^  hardware  change  was  the  use  of  a  shorter  chamber. 

(c)  Obtained 

(u)  The  engine  was  fired  on  U  1966  and  ran  for 
2,010  sec.  Performance  data  were  cootproais^  because  the  liner  of  the  steel 
cone  vA  ejected  late  in  the  start  transient. 

(d)  Discussion 

1  Test  Hardware 

(u)  The  liner-si^brting  structure  was  cor- 
pletely  destroyed,  but.  the  liner  sustained  only  minor  damage  and  vas  sUba^uently 
re:^r«d.  Seven  vwm.  of  the  9tok-125  injector  were  daa^ed  by  fuel-lube  leakage 
aidmequent  combustion  (see  Figure  IV-7}. 

2  Test 

(u)  Separation  of  the  liner  from  the  nozzle 
i^ell  wiu  precipitated  by  a  weak  silieon-bMed  adhesive  boning  agent  (RTV  6p). 

poor  bend  ^bled  hot  exhaust  gu  to  leak  behind  the  liner,  to  further  weaken 
the  b(»d,  and  to  create  a  large  unbalanced  pressure  idiich  ultimately  cuq^ielled  the 
Itoer.  Future  usemblies  will  be  welded  circumferentially  to  preclude  similar 
f^lures. 
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IV,  C,  Development  Testing  (cont.) 


(tt)  The  fuel-tut>e  leskege  vas  corrected  ly 
siodif^ng  the  injector-esseoibly  procedures. 


(15)  Test  1.2-n-WAM-015 

(a)  Purpose 

(u)  The  dhjective  of  the  test  vas  to  evaltmate  the 
Mark~125  injec^r  vith  a  okodified  ^roud  in  a  lt2.0~in.«L^  ch^er. 

(h)  Atteapt^ 

(u)  The  test  vas  conduct^,  at  AR£S 'engine  design 
conditions,  vith  the  U2,.0«in*>L*  chanter  and  an  abihtive  enit-eone  section*  The  injec 
tor  i^roud  coniiguratibn  vas  as  shorn  in  Figure  iv-2. 

(c)  Obtained 

(c)  ^ting  vas  cc^leted  on  13  June  1966,  vith  the 
engine  oprating  for  2.00  sec.  The  engine  generate  a  8;i^eific  inpulse  of ‘291.1  Ibf- 
see/11»  at  a  chim^r  pressure  of  2666  pia.^^  8te^>8t^e  ^x^tion  vm  0.77  sec. 

(d) -  :DisettSffioh 

jl  Hardvwe 

(tt)  T^m  injector  blades  v«re 

at  the  pji  ^e  diusai^  bi^M^vu  b^<^^  tp  the 

:i^|ec1^  i^e  iFig^  .  J^^ning  vm  attribute  i^ition  on^^e  face 

6i  the  shTOiid,  iMc^  subsequently  buxhed  back  to,  az^  dsahj^,  the  injector  blades. 

2  JPst 

(tt)  All  engine  functions  vere  as  predicted, 
^cific  iig^se  ef^cienqr,  ^though  "Ugh,  vas  0*90%  lover  than  in  Test  13,  vhich 
^  aiiidjes  Uth  a  coapUr^le  chm^r  coh^l^ation.  The  lover  prfon^ce  is  tenta- 
ively  ascribed  tO  the  iSaiu^(ed}^  and  shroud  and  to  t^e  resulting  interaction 

vith  -^e  .^  stxiai|«  ij^llition,  both  chaabe?  and  exit  section  vere  vexy  rough, 
tiiich  also  ie^^ed  eh^e  perfol^ 

b.  Transpiratiofr»Coollng  Evaluation 
a.  Susicary 

(u)  Preparations  for  testing  of  trappiratiozHCooled  hard» 
vare  we  eibbut  75J{  coveted,  vith  sajor  etsphasis  being  placed  on  testosystesi  con¬ 
figuration  di«ign,  transient  operation,  and  test  philosofby.  A  eonser^tive 
approach  is  foHowed  in  processing  both  ^e  iest-systett  plan  and  the  operating 
^sequence  to  yiel«  a  Of  aeat«tx«isW  and  perforiR-'uice  data.  The  activities 

lea^g  to  the  c<uiq^eti6n  of  these  objectives  are  susiuarised  in  ;;he  folloving 

j^agra]^. 
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IV,  C,  Development  Testing  (cont.) 

(u)  During  the  initial  test  phase,  the  bigh~pressure  inten~ 
sifier  systems  vill  supply  both  the  oxidizer  (^2^)1)  (AeroZINE  50)  to 

the  primary  and  secondazy  combustors.  Tbe  first  test  series  will  be  of  short  dura¬ 
tion  and  will  be  designed  to  display  chamber  integrity  and  system  (engine  and 
chamber)  balance,  and  to  demonstrate  the  transpiration- cooled  concept.  Test  1  will 
be  conducted  at  a  secondary  injector  mixture  ratio  of  about  2,5  while  flowing  a 
maximum  amoxmt  of  film  coolant  through  the  chamber.  Test  2  will  be  made  at  the 
design  mixtzxre  ratio  for  the  secondaxy  injector  with  maximum  f'ilm-coolant  flow  for 
the  same  test  duration  as  in  Test  1.  Test  3  will  be  identical  to  Test  2,  except 
that  its  duration  will  be  emended.  The  rnoeinder  of  the  series  vill  be  devoted  to 
optimizing  the  chamber-coolant  fluw^rate.  Thermal,  equilibrium  of  the  transpiration- 
co-ed  chamber  is  not  expected  to  be  achieved  during  tlbis  first  series  of  tests. 

(u)  Following  the  initial  short-duration  chamber  checkout  and 
balance  tests,  the  ICP  breadboard  pimping  system  (Contract  AF  OU(6ll)*i>65^8)  viliroe 
installed  to  z«pliu:e  the  Intensifier  pro^Uant-feed  system.  The  second  test  series, 
designed  to  demonstrate  the  performance  of  the  transpiration-cooled  chcunber,  will  be 
for  durations  exceeding  5  see. 

b.  Engine  Description 

(u)  The  Intensifiers  and  the  pumping  system  supply  prapeUants 
to  .^e  «^ne  in  an  almoat  identical  manner.  The  oxidizer  is  routed  from  e^lther  the 
pusp  < <^sti^ge  or  the  intensifier  disc— throu^  a^i^t^balwce  orifice  intp 
the  se^nds^  ihjeetx>r  adapter,  tluraugh  a  cohtiral  valve,  and  into  We  primary  cm- 
^tw  i^e— or  Weira  it  is  bufh—  with  about  2Q%  of.  the  total  fuel  flw>  Tbe 
oxid^ei^riw  is  Wen  fed  ihW  We  seepndaxy  combustor  injector  where  it  co|^ 
binds  —ih  the  r^winihg  fu— .  C^liuat  flow  for  the  copied  chmWer  is  direct— .'^bm 
u^lre^  df  — rol  orifice  ^  ^  main  oxidizer  feed  ^stim  th— ugh  a  rotary 

flovnetpr  and  W— a  flchir-cont— 1  —1—  into  a  distribution;  manif^id  which,  in 
turh^  feeds  We  individual  se^aents  of  the  chamber.  The  flow  o^  We  oxidizer  ^Im 
coolant  to  We  cooled  chamber  is  controlled  by  orifices  located  in  We  distribution- 
iM— Lfold  discharge  lines  (see  Figures  IV-9,  -10  and  -li~). 

e.  Test  Preparation 

(u)  A  pretest  analysis  of  testing  We  trjmpiration;>cooled 
:Uun»t  chmaber  is  presently  being  conducted.  The  artalysis  will  dnyes— gate  three 
araas:  — arttq[>  and  shutdown  transients,  steady-state  bperatidia,  and  test  philosophy. 

(u)  The  startup  and  shutdown  transients  sire  being  desii^ed  to 
—sure,  Wat  (l)  Wo  film  coolant  (H^Oi^)  does  not  react  with  We  main  stream, 

(2)  sufficient  film  coolant  is  present  prior  to  ignition,  and  (3)  injector  mixture- 
ratio  excursion  does  not  occur  during  We  transients.  Farticulsr  emphasis  is  being 
placed  on  We  t^pe  and  on  We  sequencing  of  the  purges  for  exhausting  We  propellant 
manifolds  during  shutdown. 
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IV,  C,  Oerelopnent  Testing  (conto) 

(u)  All  hydraulic  characteristics  of  the  thnuit  chamber  bav>; 
been  detensined  1:^  laboratory  tests  to  ensure  close  coolant  flov  control  during 
steady-state  operation.  Individual  flov  factors  have  been  obtained  for  each  Mani¬ 
fold  arm,  and  the  flov  versus  pressure-drop  values  have  been  plotted  for  the  indi¬ 
vidual  sections  of  laninar-flov  platelets.  The  sizes  required  for  the  first  test- 
balance  orifices  in  each  chanber  section  are  presently  being  determined.  After 
the  first  tests,  the  actual  chamber-pressure  profile  vill  be  defined  to  pemit  the 
fabrication  of  orifices  for  any  required  section  flov  rate.  Rapid  turn-around  dur¬ 
ing  testing  and  coolant  flov  control  vithin  0.5  Ib/sec  vill  then  be  ent 'ired  for 
ilovs  ranging  from.  25  to  hO  Ib/sec. 
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V. 

ADVANCED  TPA  (T-EHGIHE) 


A.  GENERAL 

(u)  The  three-wall'-'d  B-design  TPA  was  finalised,  and  detail  drawings 
of  the  fuel <and  cscidizer  housings  were  completed.  Quotations  received  for  the 
B-design  fuel  and  oxidizer  housing  indicated  that  costs  were  too  high  for  Phase-II 
production.  Therefore,  various  changes  will  be  incorporated  into  a  revised  C-design 
Detail  drawings  of  long-lead-time  items  for  the  pumps  and  the  turbine  (e.g., 
inducers,  iapelleri.,  turbine  rotor  shaft,  and  turbine  stator)  are  being  prepared 
to  obtain  advanced  quotations  and  delivery  dates  for  Phase-II  test  planning. 
Additional  heat-transfer  and  stress  analyses  pertaining  to  the  fuel  housing  and 
turbine  rotor  shaft  were  cocnp3.eted. 

(u)  Test  results  on  the  A-housing  are  very  promising,  and  axial 
bearing-housing  dispiacements  agree  well  with  predicted  values.  Test  results  on 
the  oxidizer-lubricat^  bearings  were  completely  satisfactory,  but  those  for  the 
fuel-lubricated  bearings  indicated  that  further  refinOTcnts  of  the  bearing-cage 
design  are  necessaz^^.  Wear-ring  tests  to  date  in  water  were  satisfactory i 
wear-ring  attachments  of  varipus  designs  performed  successfully  at  pressure 
differences  of  2l*00  across  the  la^rihih.  Successful  cold-flow  rotating  seal 
tests  were  .also  conducted  after  test-f^acility  problems  had  been  resolved. 

B.  TPA  DKIGN 

(u)  Finii  siress  and  displacement  studies  for  the  B-housing  con- 
iigwration 'at  engine  operating  pressure  and  temperatxure  were  ccmpleted. 

t^er  these  c^ditions,  high  ^eraal  stresses  exist  at  the  wall  of  the  fuel- 
puup  housing /tihat  is  exposed  to  the  turbine  exhaust  gases .  These  high  thermal 
stresses  cauive  unacceptable  axial  displacenehts  of  the  housing,  balance-piston 
iMds.  The  radial 'f^e  of  the  iVeX-pump  housing  wall  will  therefore  be  cooled 
^generatii^Xjr  with  (^Idizer  that  is  presently  used  to  cool  the  conical  bearing- 
hbusi^  poi^icw  of  fuel  pmp.  All  otter  axial  wd  radial  displacements  of  the 
<»idizer  wd  l^el  housing  are  satisfaetor/*  TPA  buildup  dimensions  and  critical 
clearances  for  the  iispeiler  wear-rings,  the  turbine  stator  piston  rings,  the 
turbine  rotor' tip,  tlbe  priaaKy  edabuStor  piston  rings,  and  the  balance-piston 

ji^ps  are  jiresented’  in  Figures  V-1  and  V-2. 

* 

(u)  .Hpraaltsed  axial-tt^st  forces  for  off-design  TPA  operation  are 
cuarently  being  calci^ted  for  each  majorvtwbopump  component  (e.g.,  fuel  pump, 
oridiser  pui^,  slid  turbine).  These  nora^ised  thrust  forces  will  be  incorporated 
into  the  engine  steadi-state  ate  transient  comjxxter  model  to  establish  allowable 
TPA  ^ial-thrust  off-design  operating  capebillties  for  Phase-II  development 
testing. 
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Vj  B,  Advanced  TPA  Design  (cont.) 


(u)  Small  sample  filters  (of  2,  5,  10,  and  1?  average  micron  filtering 
sije)  for  the  bearing  coolant  were  ordered  and  will  be  flow-tested  in  water  to 
determine  pressure  drop  versus  flow  rate  and  filtering  siae. 

(u)  Test  of  the  intensifier-fed  primary  combustor  will  be  conducted 
after  water  tests  of  coosponentE  have  been  completed  in  Phase-II  and  will  evaltiate 
the  performance  and  mechanical  integrity  of  the  turbopunp.  Initially,  the  tests 
will  be  made  at  reduced  speed  and  subsequently  at  design  speed.  A  le^out  of  the 
$PA  test  fixture  is  shown  in  Figure  V-3. 

C.  PUMP  DESIGN 

(u)  The  hydraulic  design  of  the  advanced  TPA  pumps  was  reviewed  on 
27  April  1966  hy  an  Aerojet-General  consultant.  Professor  A.  J.  Acosta, 

California  Institute  of  Technology.  Dr.  Acosta  agreed  with  the  overall  hydraxjlic 
design  and  felt  that  the  predicted  performance  of  the  pumps  should  be  obtained 
readily. 


(u)  The  ARES  pumps  (for  both  the  T-engine  and  the  inline  engine) 
are  designed  for  supercavitation  at  a  suction  specific  speed  of  about  30,000. 

This  value  was  selected  because  of  inducer- vane  stress  limitations.  The  boost 
pumps  will  supply  NPSH  values  that  will  allow  normal  operation  at  suction 
specific  speeds  of  15i000.  to  18,000;.  This  design  margin  was  provided  to  eliminate 
possilble  operation^  dilTicu^^  such  as  pressure  oscillations,  head-bias  shifts, 
cavitation  diuai^e.  The  ^>MSt  pwps  will  ^so  permit  the  engine  to  be  used 
witho^  redesign,  in  mu^  diff^ent  applications  including  those  with  very  low 
NPSH  values. 

(u)  Kissil^sppllcatipn  studies  have  shown  that  values  of 
60  to  195  ft  would  bC' available  for  t^ical  missions.  For  norraal  operating 
cohditidns,  at  suction  specific  speed' of  about  17,000,  the  T-engine  pumps 
require  a  HPSH  of  38l  ft  for  the  oxidizer  eusd  of  355  ^  for  the  fuel,  whereas 
the  inline  turbopunp  requires  329  ft  for  the  oxidizer  and  260  ft  for  the  fuel. 

requirements  are  veil  above  the  195*'ft  maximum  available  xinless  tank 
presswes  are  increased  at  the  expense  of  air-frame  weight.  These  studies 
therefore  clearly  indicate  that  boost  pumps  are  required  for  almost  all 
applications. 

(u)  The  mato-btage  impeller  discharge  coefficients  of  O.15  for  the 
oocidifer  ahd=  of  0.12  for  the  fuel  are  typical  design  values  for  ccmmercial 

also  a^ee  with  those  for  the  Aerojet-General  •high-efficiency  Titan-II 
Pddpe*  ^e  di^ser  designs  ef'e  also  based  on  past  performance  data  for  Aerojet- 
Gehttrml  pua^s  and  follow  commercial  design  juractice.  Since  the  throat  area  of 
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V,  C,  Puap  Design  (cont.) 


the  diffuser  controls  the  shape  of  the  head-flow  curve  for  a  given  impeller- 
discharge  angle  and  flow  coefficient,  the  area  was  sized  in  accordance  with  the 
empirical  curve  shown  in  Figure  V-^t,  vdiich  also  indicates  design  vadues  for 
other  Aerojet-General  diffuser-type  pmps.  In  the  oxidizer  pump,  additional 
diffusion  occurs  in  the  discharge-turning  vanes  downstream  of  the  diffusers,  and 
the  fluid  enters  the  cylindrical  section  of  the  oxidizer  housing  with  no  whirl. 

The  volute  sections  of  the  first-  and  second-stage  fuel  pumps  are  constant-velocity 
designs  and  were  selected  over  constant-area  designs  to  minimize  pump  radial  loads. 
Finalized  pump  design  parameters  and  dimensions  are  presented  in  Figure  V-5> 

(u)  Detailed  drawings  of  the  pump  inducers  and  impellers  are  nearing 
ccnpletion.  These  long-lead-time  items  will  be  submitted  to  vendors  for  advanced 
quotation  early  in  July.  The  designs  of  the  inducers  are  straightforward,  and 
these  components  will  be  machined  frem  forgings.  However,  the  impellers  are  con¬ 
siderably  more  complex  (Ficpires  V-6  and  -7),  aiid  several  methods  of  fabrication 
will  therefore  be  investigated  (e.g. ,  electrochemical  milling,  investment-easting, 
and  three-dimensional  machining  plus  brazing  or  welding  on  the  shrouds}. 

D.  TURBINE 

* 

(u)  Tooling  for  the  highly  twisted  turbine  rotor  blade  and  matching 
stator  was  completed,  and  fabrication  of  the  air-test  model  is  scheduled  for  com¬ 
pletion  on  1$  July  19^. 

(u)  Detail  drawings  of  the  long-lead-time  turbine  rotor  and  stator 
are  a]^ost  complete.  Several  fabrication  methods  (e.g. ,  three-dimensional 
machinj^  of  the  blades  plus  electron-beam  welding  of  the  rotor-shaft  assembly, 
wd  investment  casting  of  the  entire  rotor-shaft  assembly,.  Figure  V-S)  are  being 
considered  In  order  to  evaluate  cost  and  to  estimate  delivery  dates. 

E.  SHAFT  ^  ^ 

(u)  A  stress  analysis  of  the  integral  turbine-rotor  shaft,  which 
considered  both  a  shallow  and  a  deep  slot  between  the  turbine  rotor  and  the 
rotating  ring  of  the  hydrostatic  seal,  was  ccmpleted.  Figures  V-9  and  V-10  show 
the  tangential  stress  distribution  for  the  two  configurations  during  steady-state 
operatiem.  Figure  V-11  shows  the  stresses  for  the  short-slot  design,  0.2  sec 
after  the  tturbine  is  exposed  to  maximum  gas  temperatures.  The  low  stress  of 
50,000  jifisi  for  both  slots  indicates  that  slot  depth  is  not  critical  and  that 
stress  concentrations  are  low.  The  highest  stress  occurs  at  the  rim  of  the 
rotor  disc  adTter  0.2  sec  of  operation  and  is  about  equal  to  the  stress  conditions 
presented  earlier  in  Report  10830-(;i-3* 
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(u)  The  rotational  distortion  of  O.OOU65  rad  on  the  rotating  face 
of  the  yjydrostatic  corabustion  seal  during  steady  state  operation  (Figures  V-9 
and  V-10)  exceeds  the  acceptable  limit  of  about  0*0005  rad.  Methods  of  reducing 
this  seal~face  distortion,  caused  by  thermal  gradients  in  the  turbine-rotor,  are 
being  investigated. 

P.  AXIAL  THRUST  /tND  BEARING  DESIGN 

!•  Axial-Thrust  Balance 

(u)  Several  methods  were  investigated  to  predict  TPA  axial  thrust 
on  the  engine  computer  model  at  off-design  operating  conditions  and  also  account  for 
hardware  and/or  performance  tolertmccs.  The  following  method,  considered  to  be 
the  most  flexible,  was  selected:  The  normalized  thrust  at  design  and  off-desi^n 
operating  conditions  will  be  determined  separately  for  the  pumps,  the  turbine, 
and  the  bcdance  piston  and  these  values  will  be  fed  into  the  engine  ccaputer 
model  in  a  manner  similar  to  that  used  for  the  pump  normalized  head-versus-flow 
characteristics . 

2.  Bearing  Design  and  Development 

(u)  llie  testing  of  NgOlt-lubricated  bearings  that  met  advanced- 
TPA  req\ilrements  was  completed.  Catisfactory  operation  of  both  aligned  and 
misaligned  roller  bearings  was  achieved.  Detailed  discussions  and  results  of 
these  tests  are  presented  in  Section  VIII. 

G.  SEALS 

(u)  A  complete  discussion  of  the  seal  development  effort  is  given 
in  Section  X. 

H.  TURBOPUMP  HOUSING 

(v.)  A  complete  discussion  of  the  bousing  analysis  and  development 
effort  is  given  in  Section  VII. 

I.  BOOST  PUMP 

(u)  The  hydraulic  design  of  the  boost  pumps  was  also  reviewed  by 
Dr.  Acosta  who  agreed  that  the  selected  mixed- flow  design  is  preferred  over  the 
exial-flow  concept  for  the  specific  speeds  of  the  pumps. 
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(u)  The  mixed-flow  design  is  essentially  the  same  as  that  described 
in  Report  10830-Q-3  except  that  the  speed  of  the  fuel  pump  was  increased  to  its 
original  value  of  8000  rpm.  This  change  was  made  because  the  available  fuel- 
turbine  inlet  pressure  was  reduced  by  about  130  psi  due  to  higher  line  losses 
and  as  a  result,  the  optimum  efficiency  of  both  the  oxidizer  and  the  fuel 
turbines  occurs  when  both  operate  at  8000  rpo. 

(u)  The  impeller  vane  configurations  have  been  finalized,  and  vane 
coordinates  are  being  generated  on  a  computer  program.  The  combined  stress  at 
the  root  of  the  impeller  blade  is  25,200  and  15,600  psi  for  the  oxidizer  impeller 
and  the  fuel  impeller,  respectively,  at  the  110?  overspeed  condition.  The  allow¬ 
able  stress  for  forged  Al-7075  is  38,000  psi,  which  is  sxifficient. 

(u)  The  free-body  pressure  distributions  for  the  oxidizer  impeller 
and  the  turbine  rotor  are  shown  in  Figure  V-12;  the  resulting  axial  thrust  is 
600  lb  in  the  direction  of  pump  suction.  However,  since  the  impeller  baekvane 
and  turbine-disc  pressure  gradients  are  not  precisely  known,  the  maximum  axial 
thrust  assuaed  for  bearing  design  purposes  is  1000  lb. 

(u)  The  hydraiilic  design  of  the  boost-pump  turbines  was  completed; 
preliminary  calculations  show  that  the  stress  of  the  shrouded  rotor  blade  is 
i»2,000  pei.  The  allowable  design  stress  for  AM-355  steel  under  liock  loading 
caused  by  the  partial-admission  nozzle  appears  to  be  adequate,  but  blade  stresses 
of  existing  Aerojet-General  partial-admission  turbines  and  other  references  will 
be  reviewed  to  confirm  that  these  stress  lim.-" '  .  under  shock  loading  are  safe. 

(u)  The  critical-speed  investigation  for  two  bearing  ccaifiguraticns 
was  completed.  The  critical  speed  for  the  duplex-counted  ball  bearing,  described 
in  Report  10830-Q-3,  la  20,000  rpa — ^well  above  the  operating  speed.  The  ball 
bearing  nearest  the  turbine  must  carry  a  radial  load  of  1000  lb,  in  addition  to 
sharing  an  eqtial  thrust  load.  Since  the  radial  load  can  exceed  the  thrust  load 
(&  condition  which  is  not  recoBoaended),  the  duplex-mounted  ball  bearing  was 
replaced  with  a  roller  bearixsg  end  a  ball  bearing.  The  ball  bearing  for  this 
design  is  located  on  the  shaft  side  where  a  radial  load  of  285  lb  occurs,  whereas 
the  roller  hearing  is  located  on  the  shaft  side  exposed  to  a  radial  load  of  1000  lb. 
The  critical  speed  for  this  design  is  Uo,000  rpn;  the  predicted  life  at  this  value 
and  at  110?  of  critical  upeed  for  the  roller  and  for  the  thrust  bearing  with  pro¬ 
pellant  lubrication  is  conservativaly  estimated  at  150  and  28  hr,  respectively. 

(u)  Test-fixture  layouts  for  water  tests  of  the  boost  pump  and  of 
the  hydraulic  turbine  are  shown  in  Figiure  V-13.  Initially,  the  boost-pvmp  impeller 
and  the  hi’4raulic  turbine  will  be  tested  sej irately,  but  subsequent  tests  with  o 
bootstrap-fed  system  will  evaluate  boost-pump  performance  as  a  unit. 
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8  Design  TPA  Layout — Radial  Dimensions  (u) 


Figure  V>2 
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Layout — Intensifier-Fed  Primary  Combustor -TPA  Tests  (u) 


Figure  V-3 
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VELOCITY  RATIO  FACTOR 


ABSOLUTE  VELOCITY  DISCHARGE  ANGLE  C^  DEGREES 

C3  =  DIFFUSER  THROAT  VELOCITY  OR  VOLUTE  VELOCITY  FOR 
VANELESS  DIFFUSER  DESIGNS 
C^  =  ABSOLUTE  FLUID  VELOCITY  IMPELLER  DISCHARGE 

O  NERVA  48  VANE  B^  =  90o 

Q  NERVA  24  VANE  =  90« 

Q  NERVA  48  VANE  B2  =  900 
0  NERVA  18  VANE  B2  =  90® 

□  BB  FUEL  B2  =  90o 
O  BB  OXID  B2  =  900 

A  HiP^.  B2  =  90® 

•  GRAND  COULEE  MODEL  PUMP  B^  -  24*' 

Pump  Diffuser  Velocity  Ratio 
Figure  V-4 

(This  page  is  Unclassified) 


CONFIDENTIAL 

Report  10830“Q~4 


Speed  "  RPM 

Flow  -  GPM,  Impeller  (Diffuser) 

Head  Rise  -  ft 

Impeller  -  Discharge  Vane  Angle  -  Degrees 
Impeller  Vane  Height  -  in. 

Ho.  of  Impeller  Vanes 

No.  of  Diffuser  Vanes 

Imp.  Base  Circle  Ratio 

Impeller  Discharge  Plow  Coefficient 

Diff .  Inlet  Angle  (high  pressure  side)  >  Deg. 

Diff .  Throat  Area  -  in? 

Diff.  Inlet  Port  Width  -  in. 

Diff.  Exit  Port  Width  -  in. 

Impeller  Discharge  Diameter  -  in. 

Impeller  Discharge  Absolute  Fluid  Angle  -  Deg 
Impeller  Discharge  Relative  Fluid  Angle  -  Deg 
Absolute  Fluid  Angle  at  Base  Circle  -  Deg. 
Incidence  to  Diffuser  Vane  Angle  Ratio 
Diffuser  Velocity  Ratio, 

Outlet 

Volute  Velocity  -  ft/sec 
Discharge  Velocity  -  ft/sec 
Bead  Coefficient 
Efficiency 


Oxidizer 

1st  Fuel 

2nd  Fuel 

40,000 

40,000 

40,000 

1579  (1420) 

1170  (960) 

177  (168) 

9650 

9280 

6040 

28 

28 

22.5 

.324 

.344 

.091 

9 

9 

7 

8 

8 

- 

1.08 

1.06 

1.05 

.15 

.12 

.09 

14.55 

5.6 

- 

.173 

.098 

•> 

.360 

.315 

.120 

.360 

.315 

.120 

4.79 

4.48 

3.61 

15.2 

11.1 

8.4 

18.6 

17.1 

13.0 

9.34 

6,75 

4.99 

.36 

-.21 

- 

2.46 

L.96 

- 

- 

200 

362 

50 

134 

145 

.44 

.49 

.49 

74 

66 

57 

Mainstage  Pump  Design  Parameters  (u) 


Figure  V-5 
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Figure  V-7 
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B -Design  Turljioe  Rotor--Ste«dy-St»te  Tangential  Stresses  (Shallow  Slot) 


Figure  V-9 
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B-Design  Turbine  Rotor— Ste^^y-State  Tangential  Stresses  (Deep  Slot) 


Figure  V-10 
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OPER.  cond;tion 
SPEED  =  40,000  RPM 


6~0esign  Turbine  Rotor— Tangential  Stresses  at  0.2  sec  of  Transient 


Figure  V-11 
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Boost  Pump  end  Hydraulic  Turbine  Water  Test  Fixture  Layout 


Figure  V-1 3 
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VI. 

IKLIKE  (BACKUP)  TURBOPUMP 

A.  GEHERAL 

(u)  The  inline,  or  hackup,  txarhopump  of  conrentional  configuration  is 
^ing  designed  for  the  ARES  program  and  will  be  used  if  critical  aspects  of  the 
Wvancrt  turbopVHsp  are  not  adequately  proven.  The  basic  objective  of  design 
consenratisa  in  the  backup  turbopump,  together  with  other  considerations  discussed 
:fn  detail  in  the  first  quarterly  report,  restated  in  the  selection  of  a  configu¬ 
ration  with  the  shaft  paraiel  to  the  line  of  thrust.  This  turbopump,  coasequently 
desi^^ed  the  "iiaine'  design,"  has  a  nominal  operating  speed  'bf  30,000  rpm.  Design 
feat^es  include  m^erate  bearing  Dlf  values;  selfacting  axial-thrust  balance;  low- 
]^^|sure,  -ambient-tei^rature,  purged  dynamic  slmft  aeals;  conventional  housings; 
}^{^aulieally  balanc^  tvin-discharge  volutes;  and  an  end-mounted  axial-flow 
turbine  which  prafines  the  high-temperature  elements  to  the  thrust-chamber  end 
of  the  OTA.  All  work  on  this  OTA  coni igurat ion  to  date  indicates  acceptable 
aecdsplishment  of  teehhieia  and  cost  objectives. 

(u)  Fabrication  of  the  structural  test  housing  was  completed,  the 
hydrotest  f J^we  hM  been  received,  wd  structural  testing  will  be  initiated 
evly  ln:the:^n  perit^'.  A  final  stress  anaysis  of  the  housing  was 

e^l^ed.  Anai^icia  rMults^  that  ai  stresses  and  deflections  are  low, 

■i^gii^ihgvthe.  future  weight  reduction. 

,  itt)  Tj^;  feMibility  of  the  bearing  designs  selected  for  the  Inline 
OTA  -hal  beenr  de^Hrm^^  lby  appropriate  tests  in  N201(  and  AeroZIHE  ^0  at  high 
ai^jd  (31,250  higher  loads  than  anticipated.  These  tests,  which 

satlsiy  the  work  statment  objectives,  were  accomplished  without  incident. 

(u)  The  design  of  the  puo^s,  the  turbine,  the  bearings, 

the  seias,  said  the  axiai->tl^*t-balance  ^stem  is  nearing  cosqpletion,  including 
final  r«^isims  to  ^  Resiats  from  an  analysis  of  the  axial-thrust 

ksilMee  -s^tem  ihd^^^^  flow  recirculation  than  formerly  anticipated. 

Tbli,  t^^her  of  a  refined  hydraulic-loss  analysis  of  the  housing, 

it  deslfabie  to;  revise  the  profile  geometries  of  the  pump  impellers.  This 
effo^,  is  under  wi^.  "The  basic  design  work  on  the  inline  OTA  will  be  completed 
as  SMn  as  this  work  is  aecoo^lished. 

B.  OTA  DESIGN 

1.  Configuration  Refinements 

(u)  Continued  analysis  of  the  various  axial-thrust-balance 
system' coneepts  resulted  in  the  selection  of  a  configuration  idiioh  uses  the 
fifit^stage  fuel  teller  as  tke  primary  thrust-balancing  element.  This  choice 
Mqtiiir^  minor  chchges  in,  fuel  housing  geometry,  revised  impeller  contours  in 
aU  pwaps  as  discussed  in  paragraph  VI  ,C  below,  and  a  modified  mounting  of  the  fuel- 
^  roller  bearing.  These  revisions  have  been  incorporated  on  a  conpleted  master 
dimensional  layout  bf  the  overall  turbopump  assembly  and  are  shown  in  Figure  VI-1. 
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2.  Parfomanee  Refinementa 

(u)  Reaulta  of  a  ecaaputer  analysis  to  detenaine  the  effects  of 
varying  floy  recirculation  during  thrust-halanee^systen  operation  shov  that  a 
si^ificant  effect  on  engine  (^ration  occurs  ahen  the  second-stage  fuel  puap  is 
usM  to  ^ahce  thrust.  Figures  VI-2  wd  VI>3  illustrate  the  effects  on  various 
cycle  ]^a^eters  of  first-  and  second-stage  halsncing,  respectively.  The  analysis 
led  to  the  selection  of  the  first-stage  fuel  punp  as  a  thznist  balancer. 

(u)  The  oyer^l  changes  of  the  revised  design  will  be  correlated 
ai^  'a  final  coatj^er  run  of' the  ARES  engine  cycle,  using  the  inline  vill  be 
naAe  to  establish  the  engine  specifications  vith  this  turbopunp. 

C.  PUMP  DESIQR 

1.  Oxidlser  Pump 

(u)  The  oxid^er-puap  diseiwrge  housing  has  an  annular  channel, 
vhich  discharges  into  52  drills  holes  Hatching  the  52  down-flov  tubes  of  the 
t^ist  ehsaber*  Analysis  shoved  that  that  fluid  vould  enter  the  drilled  holes  at 
S'  veiy  aftiai^  angle  vith  attenj^t  high  Jiy^tlie  losses  hnleas  additional  turning 
of  .the  flmr  to  the  Mridi<«al;diw  Accordingly^  a  second  set 

of  dffl^sii^l.^ide  ^is  vas.-desi^ed^^.t^  turning  and  to  reduce 

the  yei^ity  of  .tite  fluiLd' ^  drilled  passages*  These  vanes  can 

b^laMhin^  <m  the  dond  :of vhieh  is  a  separate  part,  thus 
aihil^isihg  fabrication  coeqplexity. 

(u)  The  selected  thrust-balance  systen  requires  that  the  oxidlser 
jsi|eller  be  inherently  Md  hy^aulleally  balanced,  "^erefore,  it  vas  decided  to 
fepUee  the  baekvaihes  yith  :a  labyrinth,  ^^s  eliainistes  backvwe  losses  but 
increases  reeirculaited  fiov.  As  a  result  of  the  higher  throughflov,  the  exit 
port  hid  to  be  videned  . slightly  and  a  hm  ijapeller  diineter  (6  in.)  had  to 
be  used  to  naintain  the  ^desired  heisd  rise.  Analysia  of  the  revised  is^ller  is 
under  vay. 

2.  First-Stsxe  Fuel  Puhp 

(u)  As  with  the  oxidlser  ispeller,  recirculated  flov  in  the  first- 
stegc  fuel  impeller  is  increased  hy  the  nev  thziuit-balahce  configuration*  Shroud 
prbfiiii  and  vane  geomet^  are  being  aerified  in  d  siiilar  nanner  to  aeet  the 
revised  requirments.  Ho  change  in  diffuser  or  volute  geonetry  is  anticipated* 

3*  Seeond-Staxe  Fuel  Puhp 

(u)  The  recirculated  flov  of  the  second-stage  fuel  ii^ller  is 
reduced  by  the  nev  thrust-balande  systeH*  To  naintain  a  reasonably  high  flov 
coefficient,  appropriate  for  a  K-Q  curve  vith  a  steep  slope,  the  vidth  of  the 
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VI,  C,  Punp  Design  (cont.) 


exit  port  on  this  inpeller  nust  be  reduced.  In  addition,  the  inpeller  will  be 
open-faced  and  will  use  backvanes  to  ainimise  its  effect  on  shaft  axial  thrust. 

Revised  design  work  has  beon  initiated. 

D.  TURBIRE  DESIGN 

(u)  The  turbine  design  is  essentially  conplete.  Tasks  remaining 
include  review  of  the  design  analysis,  operating-life  predictions  at  elevated 
temperature,  and  preparation  of  the  design  report. 

E.  POWER  TRANSMISSION 
1,  Critical  Sneed 

(u)  A  further  critical-speed  analysis  on  the  inline  TPA  has 
been  eompleted  in  which  revised  impeller  weights  and  bearing  stiffnesses  were 
used.  The  new  values  correspond  to  those  of  the  chosen  axial-thrust-balanee 
system.  Results  indicate  that;,  critical  speed  was  slightly  increased  by  the 
changes:  the  first  critic^  speed  "is  predicted  to  fall  in  the  range  of  40,000 
to  42,000  rpm.  Since  this  exceeds  operational  speed  by  more  than  30!(,  the  result 
is  acceptable. 

*  2,  Bearings 

'(u).  The  work  statement  stipulates  that  40Bn  roller  bearings  and 
tandem  thrust  bdvings  tested  in  N2O4  and  AeroZINE  $0  at  31»250  rpm  or  at  a  DN 
viU.ue  of  1,290,^0.  Both  objectives  were  achieved  during  the  first  tests  attempted. 

No  anomalies  were  ehepuntefed.  Results  are  described  in  detail  in  Section  VIII. 

(u)  The  NgOj^-cooled  roller  bearing  at  the  turbine  end  of  the 
inline  OTA  yot4d  have  a  diameter  of  4^  or  a  DN  value  of  1,350,000  at  a  OTA 
speed  of  30,000  ipm.  OTis  larger  shaft  diameter  is  required  to  carry  the  full 
shaH  torque.  Since  46iiB  bearings  have  also  been  demonstrated  at  shaft  speeds  of 
4p,00p  rpm  or  a  DN  value  of  1,600,000  (see  Section  VIII),  the  feasibility  of 
the  45Bm  bearing  is  adequately  d<»onstrated.  Thus,  no  difficulty  is  anticipated 
with  the  larger  bearing,  the  design  of  which  has  been  completed. 

(u)  The  feasibility  of  the  AeroZINE  50-cooled  40mm  roller 
beariiu;  and  tsndem  thrust-ball  bearings  was  demonstrated  on  the  first  test  with¬ 
out  difficulty  at  32,000  rpm  or  a  DN  value  of  1,280,000,  as  described  in  Section  VIII, 
The  final  inline  TPA  design  would  utilise  35ia8  AeroZINE  50-eooled  bearings.  With 
the  thrust  balancer  and  with  symetrical  pump  discharge,  the  loads  would  be  lower 
than  the  demmstrated  values. 
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3*  Axial  Thrust  Balance 

(u)  The  axial  thrust-balance  system  has  been  revised,  and  Its 
related  effects  on  various  components  have  been  discussed  In  preceding  sections. 
The  arrangement  of  the  revised  system  Is  shovn  In  Figure  VI-1  and  should  be  com¬ 
pared  to  Figure  VII-l  of  the  third  quarterly  report,  AFBPL-TR-66«d2, 

(u)  In  the  revised  design,  each  rotor  element  is  essentially 
balanced  hydraulically,  producing  very  little,  if  any,  axial  force.  However, 
the  first-stage  fuel  ii^ller  Is  responsive  to  axial  position,  as  desired,  .and 
produces  a  righting  force  if  shifted  from  Its  neutral  position.  Maximum  restoring 
force  is  on  the  order  of  30,000  lb. 

(u)  A  predominant  factor  in  selecting  the  first-stage  fuel 
Impeller  instead  of  the  second-stage  impeller  for  thrust  balancing  was  the 
relative  effect  of  the  two  methods  on  engine  cycle  parameters  caused  by  the 
variation  in  flow  recirculation  relative  to  rotor  position.  Figures  VI-U  and 
VI-$  show  first-  and  second-stage  balance-system  recirculation  flow  rates  as' a 
function  of  axial  position.  Because  the  second-stage  Impeller,  feeding  the  pri¬ 
mary  combustor,  has  a  H-Q  curve  with  a  steep  slope,  the  recirculation  variation 
shown  in  Figure  VI-5  caused  a  substantial  shift  in  primary  combustor  mixture 
ratio  and,  hence,  large  variations  in  other  parameters  shown  in  Figure  VI-3. 

(u)  Use  of  the  first-stage  impeller  substantially  reduced  the  K-Q 
shift  caused  by  recirculation.  Also,  since  the  first  stage  feeds  the  secondary 
injector,  discl^ge-pressure  variations  have  less  pronounced  effects  on  engine 
parimters.  Although  there  will  be  some  variation  in  inlet  pressure  to  the 
second-stage  iKiel  is^lier,  these  variations  will  be  small  in  comparison  to  the 
total  primary  combustor  inlet  pressure  wd,  as  shown  in  Figure  VI-U,  overall 
effects  will  be  minor. 

(u)  Stability  of  the  selected  thrust  balancer  is  expected  to  be 
acceptable  because  of  the  relatively  high  stiffness  of  the  system,  illustrated  in 
Figure  Vl-6,  and  because  of  the  dash-pot  dasqping  inherent  in  the  design. 

U.  Dynamic  Shaft  Seal 

(u)  The  basic  approach  followed  in  the  design  of  the  dynamic 
shaft  seal  for  the  inline  turbopump  has  been  to  adopt  a  conventional  rubbing- 
contact,  face-riding  pair  of  seals  with  an  inert-fluid  purge  between  the  seals. 
However,  an  envelope  of  adequate  sise  was  provided  to  allow  other  types  of  seals 
(e.g.,  the  hydrostatic  design)  to  be  used  if  improved  reliability  is  dm&onstrated 
bgr  such  concepts.  To  determine  their  reliability,  both  concepts  should  be  tested 
in  Phase  11. 
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(u)  The  selected  design  is  an  off-the-shelf  seal  illustrated  in 
Figure  VI-7.  This  configuration  will  provide  a  seal  even  if  AP  is  reversed,  thus 
minimizing  the  hazards  associated  with  loss  or  depletion  of  the  inert  fluid.  A 
small  slinger  is  machined  integral  with  the  oxidizer  running  ring  to  reduce  the 
oxidizer  pressure  at  the  seal  face  to  approximately  the  pressure  of  the  fuel. 

Thus,  both  seals  will  operate  at  the  same  'AP  (purge  pressure  minus  propellant 
pressure).  In  addition,  the  slinger  permits  the  use  of  oxidizer  as  the  purge- 
system  pressurant  at  inlet  pressure  which  simplifies  the  system. 

(u)  The  alternative  l^drostatic  seal,  illustrated  in  Figure  VI-8, 
has  an  operating  flow  rate  of  0.05  Ib/sec  for  each  seal.  This  higher  seal  flow 
rate  requires  more  purge  fluid  and  a  larger  purge  tank  than  the  basic  rubbing- 
contact  seal.  The  weight  for  this  system,  assuming  S'-min  engine  operation,  would 
be  20  lb  higher  than  that  of  th >  basic  seal  system. 

(u)  As  indicated  in  Figure  VII-11  of  the  third  quarterly  report, 
it  is  planned  to  use  an  integrated  purge-and-suction  valve.  The  design  of  this 
valve  has  been  discussed  with  a  potential  vendor,  who  recommended  that  an  integrated 
hydraulic  actuation  system  be  used  which  will  permit  positive,  controllable 
sequencing  of  the  purge  fluid  and  of  the  main  propellant  valves.  Since  such  a 
system  would  obviously  increase  engine  startup  and  shutdown  reliability,  its  use 
is  planned  for  the  inline  TPA.  The  main  propellant  valves  selected  for  the  inline 
TPA  are  of  the  shearable  butterf^  type.  The  purge  valve  can  be  readily  integrated; 
the  basic  design  has  already  been  flight-qualified.  Opening  and  closing  sequences 
of  the  main  propellant  valves  will  conform  to  the  existing  curves  established  for 
the  ARES  engine.  Purge  flow  will  lead  propellant  flow  by  an  experimentally  estab¬ 
lished  time,  and  will  lag  main-propellant  cutoff  sufficiently  to  permit  the  system 
to  be  empti^  of  propellant  residuals. 

F."  mLIHE  H0U8IRG  FABRICATIOH 

(u)  The  inline  housing.  Figure  VI-9,  was  received  on  22  June  1966. 

Some  fabrication  problems  were  encountered:  The  electron-discharge  machining  of 
the  diffuser  vanes  in  the  osidiser  and  fuel  housings  was  performed  in  series 
instead  of  in  parallel  as  originally  planned.  This  caused  a  delay  of  about  two 
weeks.  Also,  welding  of  the  3^7  stainless-steel  sheet-metal  stampings  to  the  forged 
Inconel  7l8'  internal  ring  caused  excessive  distortion  of  the  sheet-metal  stampings. 
The  stampings  were  therefore  removed  and  replaced,  using  improved  welding  techniques. 
During  final  welding  of  the  three  main  sections  (Figure  VI-10),  the  distortion  due 
to  welding  was  difficult  to  ctmtrol.  Improved  tooling  would  be  desirable  in 
future  fabrication. 

(u)  The  inline  housing  has  been  shipped  to  the  Structural  Test  Labora¬ 
tory  for  instrumentation  and  testing.  The  weight  of  the  structural  test  housing 
as  fabricated  was  17^  lb. 
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Inline  Turbopump  Assembly  ’( 


Figure  VI -1 


ENGINE  PERFORMANCE  CHANGE 
vs 

STAGE  i  FUEL  PUMP 
THRUST  BALANCER  RECIRCULATION 
FLOVt'  VARIATION 


STAGE  !  RECIRCULATION  FLOW  VARIATION,  uQ,  j-pm 

Rorformancc  vs  Stage  I  Fuel  Pump  Tlirust  Balancer  Recirculation  Flow  Rale 

Figure  VI-2 
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NOTES: 

1.  SPEED  30,000  RPM 

2.  THRUST  BALANCER  LABYRINTH 
CLEARANCE  ,007  IN, 

3.  AXIAL  TRAVEL  =  0  to  0.020  IN, 


Thrust  Balancer  Flow  Rate  vs  A;siai  Position,  First-Stage  Balancer 


Figure  VI -4 
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THRUST  BALANCER  AXIAL  CLEARANCE  -  H{IN) 


NOTES; 

1.  SPEED  30,000  RPM 

2.  AXIAL  CLEARANCE  INLET  AND  BACKSIDE 
.010  IN. 

3.  LABYRINTH  RADIAL  CLEARANCE  .007  IN. 

4.  AXIAL  TRAVEL  =  0  TO  0.020  IN. 


T»u“u»i;  Salar.cer  Flow  .Rate  va  Axial  Position,  Second-Stage  Balancer 


Figure  VI-S 
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AXIAL  FORCE  (F  x  10  LBS)  , 

(F  BEARING  x  10  LBS) 
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NOTES; 

1.  SPEED  30,000  RPM 

2.  THRUST  BALANCER  LABYRINTH 
CLEARANCE  .007  !N. 

3.  POSITIVE  FORCE  TOWARDS  TURBINE 

4.  BALL  BEARING  CARRIER  AXIAL  STOPS 
SET  AT  0.002  IN.  AND  0.018  IN. 


Axial  Forces  as  s  Function  of  Thrust  Halaact-r  Position 


Figure  VI -6 
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Figure  VI -7 

UNCLASSIFIED 


!r\ 


UNCLASSIFIED 

Report  10S30-Q-4 


PURGE  OUT 


e- 


Altern?.tive  Hydrostatic  Seal  for  Inline  TPA 


Figure  VI -8 
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Figure  VI -10 
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Components  of  Inline  TPA  Housing  before  Final  Welding 
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VII. 

TPA  HOUSING  DEVELOPMEMT 


A.  GENERAL 

(u)  The  objective  of  this  effort  is  the  development  of  houeinge  that 
will  withstand  the  required  fluid  and  gas  pressures,  transmit  the  fluids  and  gases 
ftom  station  to  station  with  minimum  pressure  drops,  provide  a  stable  base  for  the 
rotating  cos^onents ,  and  transmit  the  thrust  load  developed  by  the  thrust  chamber 
to  the  missila  frame. 

(u)  The  testing  of  Housing  A~1  (plug-welded  rib-to-shell  joints)  is 
nearly  coiqileted.  The  stress-coat  test,  the  test  to  design  pressure  without  thrust 
load,  and  the  test  to  %%  of  design  thrust  without  internal  pressure  were  completed 
with  excellent  results.  Preliminary  results  from  proof  testing  to  1.4l  times  the 
design  pressure  and  thrust  appear  to  be  satisfactory.  However,  some  test-system 
modifications  are  required  to  provide  more  stable  pressures  at  proof  conditions. 

(u)  The  design  of  Housing-B  was  completed  and  quotations  have  been 
received.  Some  revisions  will  be  required  to  reduce  the  cost  of  these  housings. 

B.  HOUSING  A-1  TESTING 

(u)  Housing  A-1  was  received  on  31  March  1966  and  immediately  shipped 
to  the  Structural  Test  Laboratory  for  instrumentation  and  testing. 

(u)  Leak-testing  of  the  instrumented  housing  (with  internal  strain 
gages  in  place)  revealed  a  leakage  area  of  O.OO7  sq  in.  between  the  oxidizer-pump 
discharge  passage  and  the  oxidizer  return  passage.  Leakage  apparently  occurred  at 
an  Internal  joint  nround  the  circumference  of  the  thrust-chamber  flange  connection 
where  a  shrink  fit  was  relied  upon  to  seal  the  joint.  The  leakage  area  would  allow 
1$  gal/min  of  oxidizer  flow  to  bypass  the  thrust-chomber  coolant  tubes,  which  would 
be  entirely  acceptable  for  an  operational  turbopump.  However,  the  flow  capacity 
of  the  structural-test  system  permits  a  leakage  rate  of  only  0.01  gal/min,  which 
made  it  impossible  to  maintain  the  required  pressure  differential  between  the  two 
pressure  zones.  Therefore,  various  means  of  sealing  the  leakage  were  investigated. 

(u)  The  outside  of  the  housing  was  stress-coated  and  the  housing 
tested  to  ascertain  the  severity  of  the  setup  problems  and  to  determine  the  need 
for  additional  external  strain  gages.  The  oxidizer  discharge  passage  was  pressur¬ 
ized  to  the  same  value  as  the  return  passage,  ^e  results  were  highly  satisfac¬ 
tory,  with  stresses  at  predicted  levels  within  ^  when  tested  to  36%  of  proof 
conditions.  The  Internal  strain  gages  were  functioning  properly  and  showed  a 
linear  rise  in  strain.  The  test  results  for  the  stress-coated  housing  are  shown 
in  Figure  VlI-1  and  are  summarized  in  Figure  VII~2. 

(u)  After  the  stress-coat  teat,  the  unit  was  cleaned  and  u  coating  of 
soft  rubber-like  material  (RTV-ll)  applied  to  the  surface  of  the  oxidizer-pump 
discharge  passage.  This  material  sealed  the  leak,  and  the  unit  was  again  set-up 
for  test.  However,  since  the  internal  strain  gages  had  been  lost  during  cleaning, 
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VII,  3,  Housing  A-1  Testing  (cent.) 

it  was  decided  to  perform  the  pressure-only  and  the  thrust-only  tests  without 
internal  strain  gages  in  an  attempt  to  determine  if  any  setiip  or  structural 
irregularities  existed.  The  housing  was  set-up  as  shown  in  Figure  VII»'j,  instru¬ 
mented  with  deflection  indicators  (Figure  VII-U)  and  strain  gages  (Figure  VII-5)» 
and  tested  to  70%  of  proof  pressure.  On  completion  of  the  pressure  test,  the 
thrust- load  test  was  made  without  internal  pressurization.  The  test  data  showed 
that  the  stresses  and  deflections  at  a  thrust  load  of  50,000  lb  were  satisfactory. 
During  testing  to  70J{  of  proof  pressure,  the  oxidizer  bearing  housing  moved 
0.0207  in.  toward  the  fuel  housing  (predicted  deflection,  0.0078  in.  outward)  and 
the  fuel  housing  deflected  outward  0.03^7  in.  (predicted:  0.0098  in.).  An  exami¬ 
nation  of  the  test  data  Indicated  that  the  pressure  in  the  oxidizer  discharge 
passage  (Zone  1)  and  in  the  oxidizer  return  passage  (Zbne  2)  had  equalized  above 
40J(  of  proof  pressure  at  Zone-1  pressure.  This  higher  pressure  in  Zone  2  increased 
the  differential  pressure  across  the  primary  combustor,  which  increased  the  load 
transmitted  through  the  cotmectlng  support  shells  to  the  fuel  housing  amd,  con¬ 
sequently,  produced  excessive  deflections. 

(u)  To  check  the  data,  a  second  test  to  k0%  of  proof  pressure  was  made 
with  an  additional  deflection  transaucer  on  the  oxidizer  flange  and  visual  indica¬ 
tors  on  deflection-transducer  rod  (Rod  1*8,  Figure  VII-U)  for  the  fuel  end  and 
deflection  transducer  (Rod  ItU,  Figure  VII-l»)  for  the  oxidizer  end.  This  test  indi¬ 
cated  that  the  oxidizer-dome  end- flange  was  expanding  outward  0.007  in.  and  that 
the  oxidizer  bearing  housing  was  expanding  toward  the  fuel  housing  0.0115  in.  A 
third  test  to  6q%  of  proof  pressure  was  performed  at  rapid  pressurization  to  deter¬ 
mine  if  pressure  equalization  was  due  to  the  rate  of  pressurization.  Equalization 
occurred  again  at  about  U0){  of  proof  pressure.  Since  pressure  equalization  occurred 
at  about  the  same  bearing  deflection  in  each  test,  it  was  suspected  that  the  seal 
between  the  oxidizer  bearing-housing  flange  and  the  oxidizer  housing  had  failed 
because  of  flange  rotation. 

(u)  A  1000-psi  leak  check  weo  performed  between  Zones  1  and  2.  No 
leakage  occurred  in  the  aforementioned  coating,  but  test  results  indicated  that  the 
bearing-housing  seal  was  leaking.  The  unit  was  therefore  diseussembled  (except  for 
the  bearing  housing)  and  examined,  but  no  damage  was  detected. 

(u)  A  spare  bearing  housing  was  subsequently  assembled  in  a  loading 
fixture  and  tested  twice  at  an  axial  mechanical  load  of  50,000  lb,  with  bolts  torqued 
to  design  value  and  twice  the  design  value,  respectively.  The  deflection  pattern 
remained  relatively  unchanged. 

(u)  An  axial  mechanical  load  was  applied  to  the  oxidizer-bearing 
housing  before  the  bearing  housing  was  removed  from  the  oxidizer  housing.  The 
deflections,  measured  on  the  outside  flange,  on  the  inner  shell  flange,  and  on  the 
oxidizer-bearing  housing  (Figure  VII-6)  showed  that  the  outer  wall  and  the  internal 
ribs  were  separating  0.0085  in. 

(u)  Housing  A-1  was  retxirned  for  repair.  Further  investigation 
revealed  that  the  ribs  between  shells  on  the  oxidizer-dome  end  imder  the  oxidizer- 
end  flange  were  not  properly  attached.  Originally,  the  weld  Joint  bet  vecn  the 
outer  wall  and  the  internal  ribs  had  been  made  by  electron-beeun  welding.  However, 
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VII,  B,  Housing  A-1  Testing  (cont.) 

•a  special  X-ray  examination  revealed  that,  during  pressurization,  the  outer  wall 
separated  from  the  internal  rihs.  The  procedure  followed  during  repair  of  the 
housing  is  shown  in  Figure  VII-7.  After  the  plug-welded  slots  were  machined  in 
the  outer  siiell  over  the  ribs ,  an  examination  of  the  rib  surface  revealed  very  poor 
penetration  of  the  electron-beam  weld.  This  weld  was  subsequently  repaired  by  TIG 
welding  and  by  peening  after  each  pass  to  stress-relieve  the  weld  area.  During 
this  operation,^  the  housing  was  immersed  in  water  to  within  2  in.  of  the  weld  area 
to  prevent, weld  distortion.  The^weld  was  built-up  0.125  in.  above  the  surface  to 
equal is e'.th^  -bending  moment  of  inertia  caused  by  yield-strength  differences  between 
the  aged  pWent  material  and  "the  as-welded  material.  The  housing  was  not  re-aged 
because  of  ^the  rubber  material  in  the  outer  passage  and  because  of  possible  effects 
on  fiiiul-machihed  dimehsioos. 

(u)  Repair  was  completed  on  2  June  1966  and  the  housing  was  returned 
to  the  structural  test  facility.  The  unit  was  set-up  and  tested  at  1000  psi  in 
Zone  1  to  ensure  that  the  rubber  coating  in  Zone  1  had  not  been  damaged  during 
repair  operations.  No  leakage  occurred  in  10  min. 

(u)  The  housing  was  now  reinstrumented  and  set-up  for  further  testing. 
The  first  of  these  tests  on  17  June  1966  was  a  repeat  of  the  test  to  70J(  of  proof 
pressure,  followed  by  a  retest  at  50X  of  design  thrust  load  with  no  internal  pres¬ 
sure,  The  proof-pressure  data  indicated  average  deflections  of  0.0018  in.  for  the 
oxidizer-end  bearing,  of  0.0077  in.  for  the  oxidizer-done  flange,  and  of  0.02U2  in. 
for  the  fuel-end  bearing.  The  pressure  in  Zones  1  and  2  hiul  again  equalized. 

(u)  Visual  press\ire  gages  were  installed  for  the  four  internal  pres¬ 
sure  zones ,  and  a  leak  rate  was  determined  by  pressid’izing  to  30  and  of  proof 
pressure  in  ail  zones  and  then  increasing  Zone-1  prest^ure  to  1000  psi  over  Zone  2 
pressure.  Zone  2  was  bled  to  keep  the  pressure  uniform,  and  the  oil  discharge  was 
measured  over  a  5-min  interval.  The  leakage  rate  varied  from  0.U6  to  0.66  cu  in./ 
min.  Since  these  leakage  rates  were  small  in  comparison  to  the  40-cu~in.  capacity 
of  the  pressurizing  cylinder,  the  test  to  TOjt  of  proof  pressure  was  completed  using 
the  bleed  system  to  maintain  the  proper  pressure  in  Zone  2.  The  results  of  this 
test  were  excellent.  The  oxidizer  dome  end  moved  0.005  in.  Bearing-span  deflec¬ 
tions  are  shown  in  Figure  VlI-8.  The  maximum  stress  occurred  at  the  point  predicted 
photoelastic  testing  (Location  27,  Figure  VII-5}  and  was  84,500  psi  versus 
70,500  psi  predicted  at  70Jk  of  proof  pressure. 

(u)  The  next  phase  of  testing  was  to  apply  a00}{  of  proof  pressure 
(l.4l  times  design  pressure)  combined  with  1.4  times  the  design  thrust.  This  test 
proceeded  ve^  well  until  the  pressures  reached  103. 5S  in  Zone  1^  97.5)*  in  Zone  2, 
103.5)(  in  Zone  3,  96.5)!  in  Zone  4,  and  102. 5l(  in  Zone  5.  However,  during  an 
attempt  to  adjust  the.  pressure  levels  the  Zone-2  pressuz’o  became  difficult  to  con¬ 
trol  wid  overshot  the  lOOj  proof  pressure  by  k%  in  Zone  1,  bw  5JS  in  Zore  2,  by  6.5? 
in  tone  3,  and,  by  5)(  in  tone  5,  TSie  pressure  in  Zone  4  was  4.?}(  low.  Thi  unit  was 
isonediate^  depresswized.  The  fuel-end  deflection  readings  retained  at  0.017  in. 
after  depressurization. 
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(y  #  This  phenomenoii  may  have  bee»!.  due  to  two  c&.uses,  tranndueer  slip¬ 
page  oi*  futi-hoasin4  yielding.  Th;?  simulated  Ehaft  in  the  housing  is  highly  stressed 
at  lOOJf  proof  prss.'aase.  The  exter.siciistor  rods  pa8.s  through  the  end  of  the  shaft 
to  the  fuel  roller-hetvring  locations.  The  extensiometcr  rods  are  spring-loaded  to 
mdlntaln  contact  end  to  counteract  the  internal  pressura  load  on  the  rod  ends.  At 
lOOjf  of  proof  prtBS'ore,  the  spring-load  differential  is  rco'uoed,  ojiu  a  torquing  move¬ 
ment  of  one  degxse  In  the  shaft-end  due  to  stress  would  lift  the  rods  fre;®  their 
sockets.  This  vould  chenge  the  zero  point  of  the  extensiometera.  Three  0, 350-in. -de: 
holes  were  therefore  drilled  in  the  fuel  housing  to  hold  the  extensiomet-er  reds  ir. 
place  to  prevent  the  rods  from  rioving  out  of  the  sosksts.  Examination  of  the  data 
further  indicated  that  some  local  yielding  may  have  occurred  in  the  fuel  housing 
after  exceeding  100^  of  proof  pressare. 

(u)  The  deflection  data  are  shown  in  Figure  VII-9.  'Cbs  2one-l  -xiil 
ZoRC-h  prewsurising  cylinders  bottomed  out  during  the  t»y»t.  To  alleviate  this 
problem  two  boosters  were  attached  to  'Zone-i,  and  the  Sor.>*4  pressure  was  supt/lie': 
directly  from  tho  pussp  auj.ply.  The  difficulty  in  pressure  control  wz-is  attrii.wted 
to  the  that  thfc  pres?;uri2ing  cylVn-.ors  bofc\on;ed  o«.t. 

(u)  The  unit  was  then  pressurized  to  ^(i%  of  proof  pressure  and  proof 
thrust.  However,  at  70^  of  proof  pressure,  the  pressures  in  Zones-l  and  2  became 
uncontrollable  and  the  unit  was  therefore  depressurized.  Examination  reveaxed  that 
the  O-rings  xised  at  the  thrust-chamber  flange  had  failed.  Ohese  O-rings  are  being 
replaced  om:.iseal8  used  in  TCA  testing,  and  testing  will  continue  after  further 
modincation  to-  the  pressurizing  r^stem. 

C.  HOUSING  A-2  FABRICATION  • 

(\i)  Fabrication  of  Housing  A-2  was  in  the  final  stages  when  the  inter¬ 
channel  leakage  in  Housing  A-1  was  discovered.  A  leak  check  of  Housing  A-2  revealed 
leak^  between  the  oxidizer  discharge  passage  and  the  oxidizer  return  passage  at 
the.  T- Juncture.  A  series  of  tests  were  mode  to  locate  and  Identify  the  leakage 
areas,  The  tests  indicated  that  the  leakage  vas  confined  to  two  areas  at  the 
T-Juncture.  An  electron-beam  weld  was  attesqisted  over  a  30°  arc  in  each  of  these 
aj^as  but  was  unsuccess ful.  The  unit  was  then  taken  to  a  2,000,000  ev  betatron  in 
a  Los  Angelam  hospital  for  X-ray  examination.  ^  Aercjet-Genercl  team  of  welding 
anti  NDT  personnel  ^rec\.ad  the  examination  snd  interpreted  thv  findings.  The 
X-rsys  revealed  a  O.OSCvin.-wide  separation  between  the  outer  shell  and  the  middle 
shell  at  the  T-Junct;ire> 

(u)  The  T-secMo..  of  the  housing  was  machined  off  and  a  0.37^’’in.^deep 
^groove  was  milled  out  ^tween  t}ve  passage  h^es  to  the  middle  shell  as  shown  in 
figure.  <VII**l6.  The  surface  of  the  middle  shell  was  acid-etched  idiich  revealed  ve^y 
poor  penftratlon  of  the  weld,  The  icporation  of  walls  (Figure  VIZ-ll)  varied  from 
0.003  tov0*0i5  in.  The  subvendor's  >$chniquet,  welding  schedule^  and  processin/; 
sequences  lij^e  elose:!^  extusined,  whlci\  '?ev«sled  that  the  aubvendor  had  ignored  the 
advice  of  Aes^Jet-dimeral’s  welding  personnel,  had  kept  ve?ry  poor  s^corlg,  hvi 
^plied  dubiottfVtech^ques,  Md  had  perft^^vfsed  poorly  despite  previously  dmon>=> 
stfatedv^^q^iiy  vorkman^ip. 
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vn,  C,  Hoxxsing  A-2  Fabrication  (cont.) 

(u)  The  groove  between  the  holes  was  subsequently  TIG-welded  to  ensure 
positive  separation  of  the  passages.  In  addition,  fifteen  0. 375-in. -dia  plug  welds 
were  made  on  the  pad  sui'face,  inside  of  the  inriei'  hole  circle,  to  ensvire  that  the 
outer  shell  and  the  middle  shej,!  were  Joined,  trior  to  welding  on  5;he  T-flange,  a 
leak  che'  k  was  made  on  the  cylindrical  portion  of  the  housing  and  no  j..  •'kage  between 
passages  could  be  found. 

(u)  Since  material  was  readily  available  the  T-flange  was  chauiged  as 
shown  in  Figure  VII-12.  The  partial-flange  ring  was  electron-beain-welded  to  the 
inner  shell  and  the  inner  shell  was  welded  to  the  cylindrical  portion.  The  outside 
of  the  inner  shell  and  the  inside  of  the  outer  shell  were  machined  to  match.  The 
outside  shell  was  welded  in  place  and  the  remaining  portion  of  the  thrust-chamber 
flange  was  electron-beam-welded  to  the  outer  shell  and  to  the  inner  portion  of  the 
flange.  Electron-beam  welds  were  then  made  circumferentially  around  the  T-section, 

1  in.  apeurt,  to  Join  the  two  cylinders.  The  32-l/U-in.-dia  passage  holes  in  each 
shell  were  then  drilled  to  meet  the  passage  holes  in  the  cylinder. 

(u)  In  additit  the  oxidizer  end  flange  was  plug-welded  tc  the 
internal  ribs  in  a  manner  similar  to  the  repair  procedure  for  Housing  A-1.  Since 
Housing  A-2  had  not  been  final-machined,  a  portion  of  the  oxidizer  flange  was 
removed  to  reduce  the  depth  of  the  plug  welds,  as  shown  in.  Figure  VII-13.  After 
this  prepar,  ion  for  plug  welding,  the  top  of  the  ribs  revealed  insufficient  pene¬ 
tration  of  the  electron-beam  weld.  The  plug  welds  were  made  by  TIG-welding  and 
were  peened  after  each  pass  4  After  welding  and  machining,  a  new  ring  was  attached 
by  electtx>n-beam-welding,  as  shown  in  Fi^e  VII-ll*.  The  final  welding  operation 
was  completed  satisfactorily,  and  the  housing  has  been  sent  to  the  heat-treatment 
vendor  for  solution-annealing  prior  to  final  rough  machining.  Delivery  of  the 
housing  is  expected  in  July. 

D.  EOUSINQ-B  DESIGN 

(u)  The  oxidizei'  housing  for  the  Housing-B  turbopump  was  completed  and 
detailed  drawings  weire  released  in  mid-May.  The  three-vailed  velded-rib  design 
IhcXud'es  all  the  instxoiaentation  holes,  refined  oxidizer  diffuser  vanes,  refined 
oxidizer  flow  passages,  and  has  fine-machined  surfaces  required  for  an  operationai. 
turbopus^.  The  oxidizer-bearing  housing  is  an  integral  part  of  the  unit,  and  the 
T-seetion  is  a  solid  forging  welded  to  the  main  cylindrical  portion  and  has  drilled 
oxidizer  passages.  The  oxidizer  boost-piusp-tiurbine  supply  manifold  is  an  integral 
part  of  the  oxidizer  dome  end. 

(u)  The  fuel  houiing'fbr 'the  HbhSing-B  tiurbopump  vas  also- completed, 
and  detailed  drawings  were  released  late  in  ttay.  The  housing  is  fabricated  from 
Ineonel-718  forgings  and  is  electron-beam  welded  at  the  mjor  Joints.  The  housing 
includes  ft^el-diffuser  ^i^es,  vidve  interfaces,  instrumentation  holes,  fuel  feed 
ltn«M,  and  has  fine ^XMchined  surfaces  required  for  an  operational  turbopump.  It 
also  incltides  an  attacteent  for  the  combustion  seal  and  provisions  for  cooling  the 
internal  face  of  the  housing  fnom  hot  turbine  exha\uit  gas. 
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Vila  Da  Kousing-B  Design  (cont.) 

(u)  The  Housing~B  assembly  is  shown  in  Figure  VII-15.  The  thrust  force 
acting  on  the  primary  combustor,  caused  by  the  differential  pressure  between  the 
discharge  areas  of  the  primary  combustor  and  the  turbine,  is  retained  with  a  shears 
lock  ring.  Ihe  expansion  Joint  between  the  primary  combustor  and  the  fuel  housing 
is  a  multiconvolution  multiply  Inconel  bellows. 

(u)  Forgings  for  oxidizer-housing  of  the  Housing-B  turbopump  were  made 
late  in  May,  and  some  of  them  have  been  shipped.  The  forgings  had  been  due  late  in 
April,  but  were  delayed  because  the  forging  vendor  experienced  some  difficulty  in 
procuring  material. 

(u)  Quotations  for  the  oxidizer  and  fuel  housing  were  received. 

Prices  are  extremely  high  because  of  the  special  fabrication  techniques  required 
for  short-lead-time  production,  because  only  one  unit  is  required,  and  because  of 
the  high  risk  involved.  Fabrication  of  the  fuel  and  oxidizer  housings  for  the 
B-design  turbopump  was  deferred  pending  results  of  Housing  A-1  testing.  If 
Housing  A-1  does  not  meet  Work  Statement  requirements,  fabrication  orders  will 
be  placed  immediately  for  a  simplified  version  of  Housing-B.  Housing-C  design  is 
being  prepared  for  Phase- II  production  to  reduce  cost  and  to  incorporate  modifica¬ 
tions  to  the  oxidizer- flow  passages  as  indicated  by  model  testing.  Ibis  design 
will  consider  casting,  die-forging,  explosive- forming,  and  other  fabrication  tech¬ 
niques  to  reduce  housing  costs.  Costs  are  expected  to  be  reduced  significantly 
because  more  fabrication  lead  time  is  avcdlable,  because  more  tooling  can  be  Justi¬ 
fied  for  a  larger  number  of  housings,  and  because  the  design  can  be  simplified  on 
the  basis  of  information  available  from  flow  tests  and  from  structural  tests. 
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VIII. 

TURBOPUMP  BEARING  DEVELOPMEHT 


A.  GENERAL 

(u)  The  ARES  twbopiuap  bearing  development  program  consists  of  three 
phases:  Phase  T,  25,000-rpm  NoOi,  lubricated  bearing  tests  to  develop  cage  designs; 
Phase  II,  U0,00p-rpm  NpOr  and  AeroMNE  50  lubricated  bearing  tessts  to  demonstrate 
operation  at  the  design  requirement  of  the  T-engine  (advanced)  turbppumps;  and 
PhMe  III,  31,250-rpm  N^Or  and  AeroZIHE  50  lubricated  bearing  tests  to  dwaonstrate 
operation  at  the  design^r^uirements  of  the  inline  (backup)  turbopump.  In  addition 
to  the  normal  load  and  speed  requirements,  the  operation  of  misaligned  roller 
bearings  is  being ^demonstrated  during  the  U0,000>rpm  tests. 

a 

(u)  Testing  at  .25,000  rpm  was  convicted  successfully,  u  reported  in  the 
second  quarterly  report,*  but  tester  and  facility  problems  caused  del^s  in  both 
the  UOjOdO-  anu  31,250-rpm  test  series.  These  problems  have  been  solved,  and 
deawnstration  of  the  following  Work  Statement  objectives  was  completed  in  ttis 
qu^er: 

1.  Ivdjricjsted  roller  bearing  at  31,250  rpm 

2.  KOj*  lubricated,  y^er  bewi’ng  at  40,000  (aliped) 

3.  ;^0?  lubrl;cat^  roller  bearing  at  poo  rpm  (misjdigned) 

4  ,  ilfpj-  l^ricat.^  ball  beMih<i^  at  31,,25P  rpm 

-5«  iubricat^Vball  bearings 

6,  AeroZiWE  fp  iu^^^  bearing' at  31,250  ipm 

T.  AeroZiiffi  .-i^'Hca^^  bearings  at  31,250  xpia 

;(uj'  Ibe  z^maitting  objective  is  to  deTOnstrlte  the'  Aei^pZIRE  5P’ 
lubricated  bearing  at.  4p|PPp  z^.  Although  one  succeisha  tjsst  has  been  conducted 
for  over  seven -minutes:,  SoM^-wear  existed  on  the  roller  'bf^rihg  in  this  test  and 
Wb  ibjSarixig  ca^es  f^ied  in 'subsequent  tests i  The-hardwi^e  is  being  modified  and 
besting  will  resijme  early  in  the  ndet  quarter.  T&e  AeroMHE  .50  lubricated  ball 
^bearings  wdre  in  '«cellent  condition  after  the  seven-iinute  test. 

B.  .fBEAR^G.  PESIGM 

i(tt)  Rulon^P,  imier-wcc-ridlng  rbller-bearinB  cages,  modified  as 
;d^sci»s^>;in  the  tWrd  >q^^  report*  (r^vai  of  jidundnum  roller-retention 
sickout  wd  'the  riveting  of  the  aluminum  shroud  'throvigh  each  web),  were  used  in 
tke  NAOj.  tests.  The  ri-terMtive  cages  for  ball  and  for  roller  bearings  of  the 
ou^ez^rMe^riding  iMn-line  design,  which  have  been  proven  during  25,000-rpoi 
twiggy z^eeiyed;  hwever,  became  of  'the  smaller  size  (series  106  verstis 
^p)  sM  because  of  large  nvmber  of  rolling  elements  (15  rollers  and  l4  balls) 

'these  cages  Were  fliwy.  An  outcr-race^riding  ball-bearing  coge  consisting  of 
glass-filled  itaflon  molded  around  a  stainless-steel  "halo"  ring  was  also  received. 
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VIII,  B,  Beaming  Design  (cont.) 

(u)  She  throuj^-flow  area  of  both  of  these  outer-race  designs  is  aiuch 
greater  and,  therefore,  cmch  more  desirable  than  the  shrouded-inner-race  design. 
Figures  VIII-1  and  VIli-2  shctr  the  b&ll-and  the  roller-cage  designs  both  seporately 
and  installed  in  bearings  so  es  to  illustrate  the  comparative  flow  areas. 

(u)  Kie  first  two  ^♦0,000-ri)m  AeroZINE  50  lubricated  bearing  tests  were 
conducted  with  bearings  assembled  with‘  outer-race  cages :  the  s«5lded-5teflon  "halo” 
design  in  the  ball  bearings  and  the  thin-line  design  (as  used  in  the  25,000-rpm 
tests)  in  the  jailer  bearing.  Both  performed  very  well  in  the  first  test  (Test  8), 
but  the  ball-bearing  cages  failed  in  the  second  test  (Test  9). 

(u)  An  aligning-type  roller  bearing  incorporating  rollers  and  an  outer 
nee,  made  from  K-5-H  ccrbide  s^d  an  inner  racer  nwde  from  1»40C  steel,  operated 
excess  fully  for  over  seven  irihutes  at  required  speed  and  loads,  but  exhibited 
wear  in  the  load  zone  of  the  K-5-H  outer  race. 

(u)  The  testing  at  l»0,00p  ,^m  of  AeroZINE  50  lubricated, bearings 
(discussed  in  detail  in  Paragraph  VIIIjE)  was  tenqporarily  suspendei  for  a  complete 
ap^sis  of  the  testing  probl(e^.  It  was  concluded  that  the  thin-line  outer- 
race-riding  roller-bearing  cage  could  be  laq?foved  by  eliminating  two  roller  pockets, 
asas  win  increwe  the  web  thickness  by  50J{  and  still  allow  the  linger  throu#-iabw 
«ea,  not  av^lable  in  toe  8hro^ed»lMer-M.ee  desi^.  A  thorouaij  ranalyais  revealed 
that  criticiO.  speed- w^d  not  be , decreased  sigsdlicantly- V  feducihg  to^  nun^er’ 
of  fpUef 8.  frew  15  to  13.. 

C  .  BEARING.  TESTING  AT  hO/000  HPM  in  HgOj^ 

(u)  Wprk-StaieiNnt  cbjeetlyes  were  acc^lished  in  two  significant 
twts  conducted ‘to  toe  SiTO  bearings,  'toe  test  (Test  5Ai  was  made  with' the  roller 
bearing^  iai^fd  and  the  other  (T«t  6B)'"^th  the  roHer  bearingiaisaligned 
(fee  ngiym">^II-3)..  i^s  misali^tot  is  eqhiyaltot  to  a.,radiii'  Usplacement  of 
pi0l6.,ih.  of  the  toaring  bores  of  the  advanced-turbopim^  housing,  toich  is  twice 
toe  6«ia^  expeetto  dis^^ 

(u).  In  addition^  to.,  these  two  tests,  three  test  attesqpts  were  made 
toich  did  not  generate  data  because  of  difficulties  encountered  in  the 

ttoj  systeto.  Pigvure'Viilv^.  tto^  steai^rltate'data.^ihts  .fcr  all  five  H^O,, 
■W'i'IrJ'^ahd ’-^11-6  SM"  plots  of  significant  paraaieters  versus  tisM 
for  toe;  si^iictot- ttots  (Tests  SA-and  6b).  Figure  VIII-7  tabulates  pretest 
acdl^ttest  injIpeetitoVmM  of  critical  bearing  diiiehsibnS. 

(tt)  The  ltoer  race,  the  outer  race,  and  the  rolling  elements  were  made 
fwm  4WC  steel  for  both  the  ball  and  the  roller  bearings .  The  ball  and  the  roller 
cagto  were  similar  Inher-rlhg-rlding  designs  of  Rulon-P  shrouded  oh  the  outside 
diMMter  with  aluminum.  Figures  VIII-1  and  VIII-2  show  these  designs  and  alter¬ 
native  bttter-raee-rlding  designs. 
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VIII,  C,  Bearing  Testing  at  1*0,000  rpm  in  NgOj^  (cont.) 

All  five  tests  are  briefly  discussed  below. 

(u)  During  l\”tst  4  (the  first  test  of  this  reporting  period)  a  tester 
thrust-bearing  disc  failed  at  38,000  rpm  after  a  duration  of  I8  sec.  This 
thnist-bearing  disc  failed  in  a  classical  burst  pattern  with  brittle-type  behavior, 
^e  test  bearings  were  not  damaged.  A  complete  analysis  of  the  tester  failures 
was  conducted  and  is  reported  briefly  in  Paragraph  VIII ,F,  below. 

(u)  A  new  tester,  with  a  redesigned  thrust-bearing  disc  of  AM-350 
material,  was  assembied  and  installed  for  Test  5A.  The  test  bearings  from  Test  4 
weri'  reinstalled  for  this  and  all  subsequent  40,000-rpm  K^Q.  te8';8.  The  roller 
bearing  wes  installed  in  the  alignv^d  position.  Test  duration  was  297  sec,  of 
which  269  sec  vm  at  speeds  of  38,900  to  40,000  rpm  (see  Figure  'VIII-S), 

Minimum  imd  maximum  axial  loads  were  1170  and  2950  lb.  The  radial  load  for  the 
entire  duration  was  over  500  lb.  The  test  wais  terminated  prematurely  during  the 
radial-load  increase  to  870  lb  due  to  a  loss  of  the  tiurbine  speed  signal.  The 
bewings  were  removed,  exa^ned,  and  foiuid  to  be  in  excellent  condition. 

(u)  The  same  be^ings  were  reinstall^  for  the  neart  test.  The  roller 
bearing  was  installed  in  a  j^saligned  position  (see  Figure  yili-3).  Test  5B  was 
a  l-sec-duration  test  atteirpt,  irtiich  was  te^nated  at  39,300  rpm  \dien  a  safety 
dlaj^fM  burst  in  toe  ^s-supply  line  to  to*  tester  drive  tiirbine  f^led.  Test  6a 
a  glfec-duPstiM^^  ai^li^t  terminated  at  27,600  rpm  due  to  a  f^se  over- 
sf^d  lij^^  cau8eidV%.  m  inat^ent^^ 

Xu)  fee  8iroi?ice®ii  pwrwetera  for’ Test '6b  are  plotted  in  Figure  VIIl-6. 
Test  duration  was.  3^  of  toich.  522,  see  was  at  speeds  of  38,900  to  40,000  rpn. 

-Ibads,'  were  14^  and  25^  lb.  Minimum  and  maximum  radial 
Jtoads  we«f'5W  imd  IMO,  lb.  fee  r^al  peak  load  of  lObO;  lb  yu  applied  twice 
dwtog  this  test,,  fee  hewing  were  in  ve^  gpM  condition  ^er  these  tests,  as 
town  in  Figure- VlII-6,  Mr  Force  r^resentatives  re'idewed.  the  data  and  examined 
toe  bearings..  Test  .6b  combined  with  Test-  5A  cofiq^leted  toe  Fhase-I  tfork-Statanent 
^uirements  for  4p,W0rX^  KgPj^  ltoricated  bearing. 

D.  BEARIJIO  TSEiTIKG  AT  31,250  RPM  IH  NgOj^ 

(u)  l^^  co^letion  of  toe  40,000-rpm  NaO.  lubricated  bearing  tests, 
a  new  sto  of  bearing  irw  instMIed  for  the  31,250rrpm^R2^i.  lubricated  bearing 
test  series.  The  bfdl4^arizHs  set  was  of  the  stoe  tandto  load-sharing  design  as 
that  used  in  toe  40,0(M-Z7»i  test  series,  fee  roller  bearing  was  the  same  except 
that  the  outer  race  did  not  incorporate  toe  self-aligning  feature  since  self- 
aligning  is  not  required  in  the  inline  TPA*  Work  Statement  requirements  were 
satisfactorily  met  in  a  single  test.  Figure  VIII-4  tab\U.ate8  steady-state  data 
points,  toereas  Figure  VIII-9  is  a  plot  of  significant  parameters  versus  time  for 
this  test.  Figure  YIII-IO  exhibits  toe  excellent  pocttest  condition  of  these 
bearings.  The  local  Air  Force  representative  inspected  the  bearings  and  the  data 
and  expressed  satisfaction  with  the  results. 
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VIII,  D,  Bearing  Testing  at  31,2^0  rpm  inrll^O]^  (cont.) 

(u)  The  duration  of  Test  7  vas  U35  sec,  of  which  Ul3  sec  was  at  a 
speed  of  31,2^  to  32,000  rpm.  Minimum  and  maximum  axial  load  Here  1770  and  4200  lb. 
The  axial  load  was  greater  than  2200  lb  for  6.17  min  and  was  more  than  4200  lb 
for  29  sec  of  the  test  duration.  The  radial  load  was  greater  than  ^0  lb  during 
the  entire  test  duration,  and  vas  between  980  and  9d5  lb  for  33  sec. 

E.  BEARING  TESTING  AT  40,000  RPM  IN  AEROZINE  50 

(u)  Upon  coaq^iletion  of  the  bearing  testing  with  ^Or  as  a  lubricant, 
the  tester  was  cleaned,  reassembled,  and  installed  for  AeroZINE  >0  lubricated 
bearing  testing.  Three  tests  (Tests  8,  9»  and  11}  were  conducted.  Figure  VIII-U 
tabulates  steady  state  data  points  for  these  tests  (Test  10  is  reported  in 
Paragraph  VIII Three  separate  and  different  types  of  bearing  problems  occurred, 
and  the  40,000  rpm  AeroZINE  50  lubricated  bearing  testing  was  therefore  temporarily 
suspended  on  23  May  1966.  Testing  is  scheduled  to  resume  in  mid~July  when  improved 
bearing  designs  are  available. 

(u)  ^e  first  AeroZINE  90  lubricated  bearing  test  (Test  8)  was  completed 
satisfutorily;  f^  duration  of  490  sec  was  obtained,  with  about  429  sec  of 
operation  at  40,300  rjn.  Ittnimum  and  n^imurn  axial  loads  were  1820  and  2690  lb., 
%diereM  minimum  ieud.muinuii  radia.^  .loa&  were  900  and  1110  lb.  Upon  disassembly 
and  iMpection,  it  fo^d  that  v'ear  had  occurred  in  the  ioi^ed  zone  of  the 
rolteyrbeartog  oiiter  race"(iie_e  Fl^r  j  VIII-il2).  This  faring  Was  of  the  self- 
ali'i^ng  design  with;  i^saiii^eni'l^  with  Fi^e  VIII>3.  rollers 

end  outer  rMe^we^e  f^m  (tiwj^ten«titi^um  carMde),  i^ereu  the 

imer-r^e  fjMteri^Mi^  44pb.  steel.  The  zviler^bearing  ci^e  was  of  the  outer-race- 
riding. thin^iine  design,  made  of  25%  glass-filled  Teflon  suppofjSed  ^  a  machined 
alu^niaa  containment  ring  (see  Figure  VIII-2).  The  ball-bearing  tandem  load- 
shw^g'  set  inco^rated  K-^H  balls  in  440C  races.  The  ball  cages  were  both  of 
the  "halo"  design  of  29lK  glass-ftlled  Teflon  molded  around  a  stildniess-steel  ring 
located  at.  the  pitch-circle  diameter. 

(u)  Measurements  of  the  K-9-H  race  and  of  roller  wear  were  taken. 

FlguM  .Vin-13  shora  these  poattest  profilMeter  traces  con^ared  to  ,a  jaew 
K-9-H  roller  .and  to  a  nw  440C  roller,  tte  Xr9-K  zvllers  were  of  poor  quality, 
ir^gular  crowhihg  and  eccentricity  contributed  partly  to  the  outer-rMe  wear. 

K-^H  material  is  most  difficult  to  |^ind,  and  best  results  would  be  obtained 
if  diarond  wheels  were  used.  However,  the  vendor  could  not  Justify  the  expense 
of  these  ^eels  for  such  a  small  develojpent  order.  Kr^H  had  been  selected  for 
the  outer  race  and  for  rollers  bcca^ue  of  the  excellent  resialts  obtained  in 
fehurrh^i  veer  t«its  conducted  under  Contract  AF  04(6ll}-8948  (Reference,  Report 
AFRPL-TR-69-190,  Volume  Ili). 

(u)  It  vas  concluded  that  a  finer  grain  material  with  a  minimum  of 
cobalt  binder  probably  would  be  less  prone  to  wear.  Stress  does  not  appear  to 
be  the  primazy  cause  of  the  wear  since  the  bearings  with  K-9-H  balls  operated 
successfully  at  high  stresses.  Further  testing  with  improved  rollers  will  be 
necessary  to  determine  the  cause.  Although  the  duration  specified  by  t  .e  Work 
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VIIX,  E,  Bearing  Testing  at  }i0,000  rpm  in  AeroZINB  ^0  (cont.) 


Statestent  vaa  not  obtained,  it  should  be  noted  that  the  bearings  operated  successfully 
for  nore  than  seven  times  the  duration  required  in  Phase  II  engine  testing. 

(u)  Test  9  vas  conducted  with  (ball  and  roller)  bearings  of 
steel  for  both  the  rolling  elements  and  the  races.  The  roller  bearing  vas  of  the 
aligning  type.  The  test  vas  terminated  prematurely,  after  26^  sec  of  operation 
at  about  lt0,700  rpm,  vhen  the  bal.!  besxing  cages  failed.  These  cages  vere  of  the 
special  molded  Teflon  "halo"  design  vhich  had  previously  operated  successfully  in 
Test  8.  nie  failure  vas  attributed  to  excessive  AeroZINB  $0  flov  (12  gal/min)  and  to 
higher  friction  of  the  U1(0C  material.  Based  on  calculations  and  previous  test  experi¬ 
ence,  a  flov  of  3  to  9  gal/min  vould  have  been  sufficient.  Kovever,  the  tester  and  the 
test  installation  could  not  meet  the  lover  flov  requirements  (for  an  acceptable 
pressure)  and  ^  therefore  being  modified.  The  failure  caused  considerable 
damage  to  all  test  bearing  components  (see  Figure  Vlll-lb).  Loads  during  this  test 
vere  similar  to  those  of  Test  8. 

(u)  A  roller  bearing,  failed  during  the  start  transient^  of  Test  11 
at  10,900  rpm.  This  failure  vaa  attributed  to  a  combination  of  a  slij^tly  cocked 
inner  race,  excessive  AeroZINB  90  flov,  and  a  thin-profile  cage  of  relatively 
fliowy  design.  The  cage,  of  a  design  different  from  that  used  during  successful 
NgOj^  testing,  bad  19  roller  pockets  and  vaa  guided  on  the  outer  race. 

(u)  Cages  of  the  sme  thin-profile  design^i  but  vith  13  pockets  vhich 
should  significantly  isqprove  the  stretch  of  the  cagM,  are  present^  on  order  and 
are  due  in  midrJuiy.  These  units  viil  Bk>re  nearly  ddjplice.te  the  bearing  cages  used 
in  the  succMSful  ’iO-rm  bearing  testing  at  29»060  rps.  Critical-apeed  checks  of  the 
advjsnced  turbopw^  indicated  that  critical  s^ed  vould  decrease  only  insignificantly 
iT  tvo  rollen  vere  eliminated.  Hoavy,  ahrouded,  inner-race-riding  ci^es  vith 
increased  pocket  clearance  and  flov  slots  at  the  inner  bore  ha^ye  also  been  ordered. 

As  soon  ais  these  cagec  are  available,  testing  at  b0,0p0  zi^  vith  AeroZI^HZ  9^?  as  a 
lubricant  viU  be  returned.  Provlaiona  are  being  mde  to  z^uce  the  bearing-tester 
pzopellaht  flovs  to  b  g^/min.  ^veral  other  bearing  designs  vith  re'^Lsed  roUer- 
guidlng  surfaces  and  re'^aed  clearances  have  also  been  ordered  for  future  testing. 

F.  BEARING  TESTING  AT  31,290  RPM  IN  AEROZINB  90 

(u)  No  problems  vere  encountered  in  the  AeroZINE  90  lubricated  beauring. 
testing  at  31,290  rpn,  and  Work  Statement  Ri^uir^nta  vere  met  in  a  single  test 
(Test  10).  Figure  VIII-ll  tabulates  steie^-state  data  points.  Figure  VIII-19^i8 
a  plot  of  significant  parameters  versus  time,  and  Figure  VIII-T  compares  pre  •— 
and  posttest  critical  inapecticn  sMasurmaenta.  Fi^e  Vill-l6  illustrates  the 
excellent  ^sttMt  ai^earsnee  of  these  bearings.  Duration  at  32,000  rpm  vas 
Vl8  see.  The  minisum  axial  load  vaie  2700  lb,  and  ah  axial  load  of  b600  lb  yas  ■ 
maintained  for  20  sec.  A  minimum  radial  load  of  600  lb  vas  maintained  during  the 
teat,  and  a  peak  radial  load  of  1119  lb  vas  kept  for  l8  see. 
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VIII V  Turbopuap  Bearing  Developiiaent  (cont.) 


0.  HYDROSTATIC  THRUST-BFARING  DISC  FAILURE  INVESTIGATION 

(u)  An  oil-lubricated  testci*  thrust-absorbing  hydrostatic  bearing 
disc  of  I4I4OC  material  fialed  oc  Bearing  Test  U.  Ihis  failure  was  similar  to  that 
reported  in  the  third  quarterly  report,*  even  through  the  thrust-bearing  disc  had 
been  retempered  to  a  Rockwell  hardness  of  R^^UO  (to  improve  ductility),  the  keyvay 
radii  had  been  enliurged  to  0.030  in. ,  and  the  new  disc  had  been  reinspected  to 
ensure  it  had  no  cracks.  Further  analysis  and  investigation  led  to  the  conclusion 
that  both  failures  can  be  explained  by  notch-disc  burst  theory:  They  will  occur 
if  the  Charpy  V-notch  energy  of  the  material  is  low  ana  high  stress  concentrations 
exist.  This  theory,  supported  by  extensive  testing  repoirted  to  the  ASTM  Task 
Force  on  brittle  failure,  would  predict  that  notched  discs,  such  as  these  discs 
of  iiUOC  steel  with  Charpy  Y-not"^h  energy  readings  of  2  to  3  ft-lb,  woxdd  fail 
when  the  average  tangential  stress  in  the  disc  is  equaJ.  to  about  10  to  20%  of  the 
ultimate  tensile  stress  (Figure  VIII-17).  Based  upon  this  theory,  the  thrust-bearing 
discs  made  from  AM-350  and  AM-355  steel,  with  Charpy  Y-notch  energy  loads  of  about 
17  ft-lb,  will  withstand  over  60,000  rpm  without  failure.  An  AM-350  thrust-bearing 
disc  of  new  design  was  installed  after  Test  and  performed  satisfactorily  on  all 
subsequent  tests. 
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SHROUDED  INNER  RACE  RIDING  BALL  CAGE 


Ball  Bearing  Cage  Design 


Figure  Vlll-l 
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U!^E^  pUTer^R^^  RiOINO  ROLLER  CAGE 

Roller  Rparinrr  Caap  !)«««{ (m 

... -  - ^ 
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The  illustrated  angular  nisaligniwnt  is  equal 

to  a  shaft  centerline  deflection  of  .Olh  inches 
with  ARBS  turbopunp  bearing  span  of  10.35  inches 


Installation  of  Misaligned  Roler  Bearing  for  Test  1 . 2-03-WAW-006B 


Figure  VlII-3 
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ARES  Bali  and  Roller  Bearing  Test  1.2- 


S 


SH 


UNCLASStFIED 

Report  10830-Q-4 


H  ii 


UNCLASSIFIED 

Report  10830-Q-4 


I 


L 

ProDallant 

Rise  of 

Outer  Race  Teaoerature 

Flow 

T#*p,  Rise. 

Ball 

Bearing 

BaT* 

Bemriag 

Ball 

Bearing 

A‘fj|.l 

A®TB-2 

A^TB-S 

Remarks 

15.2 

.4 

0 

0 

e 

Lube  pump  on,  turbine  not  yet  turning 

r 

14.2 

17.6 

12o4 

12.3 

17.9 

Steady  state 

p52 

13.9 

18.6 

13.3 

13.5 

17.9 

Axial  Load  Peak 

1113 

13.6 

18.9 

13.6 

13*0 

17.9 

Radial  load  peak 

550 

13.6 

19.2 

13.1- 

13.3 

19.1 

Steady  state  prior  to  scheduled  shutdown 

55X 

> 

14.8 

1.1 

0 

0 

0 

Lube  pump  on,  turbine  not  yet  turning 

13.7 

10.3 

24.5 

'  25.1 

30.2 

Steady  state 

548 

s 

13.7 

10.5 

25.2 

25.8 

30.7 

Axial  load  peak 

1118 

13.4 

10,1 

26.2 

28,7 

34.6 

Radial  load  peak 

^60 

f 

8.1 

10.5 

33.1 

32.8 

51.6 

Data  prior  to  aanual  shutdown  due 
to  abnomal  temperature  rise  la 
bearings 

f596 

15.5 

1.2 

0 

0 

9 

Lube  pump  on,  turbine  not  yet  turning 

>95 

14,2 

10.2 

7 

5.3 

8.1 

Steady  state 

1117 

14,1 

9.6 

6.3 

5.1 

10.4 

Axial  load  peak 

>05 

■’ 

14,1 

9.7 

6.0 

4.4 

9.4 

Radial  load  peak 

>00 

14.1 

10.1 

2.6 

1.3 

5.8 

Data  prior  to  scheduled  ahutdown 

=595 

13.7 

• 

4 

4 

8 

Roller  bearing  cag  failure 
(aiaaligaed,  iaatallatioa) 

[ 

;• 


I- 


Tabulation  of  Steady-State  Data  Points  of  AeroZINB  50  Bearing  Tests 


JL 


Figure  VlII-ll 

UNCUSSIFiED 


A E  R  0  JET  -  B  EM  E  B  A  L  C  0  R  P  0  R  A  T 1  ON 


K-5-H  Outer  Race  Wear.  Posttest  1 .2-03-WAW-.00S 
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Ball  Bearing  Cage  Failure,  Posttest  1 . 2-03-WAW-009 


Figure  VllI-14 
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ARES  Ball  and  Roller  Bearing  Test  1.2-03-WAW  010 


Figure  VIlI-15 
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speed:  31,250 

duration:  AISmc,  6min.  SDmc. 


LOAD  DURATION 
AXIAL,  nominal;  2890  lb*  398  tMC. 

peak;  4650  Ibt  20  MC. 


RADIAL,  nominal: 

peak: 


600  IlM  403  Itc. 

Ill5lbt  15  Mc. 


ARES  Tandem  Ball  and  Roller  Bearings  from  AeroZINE  50  Test  1 .2-03-WAW-010 


Figure  VIII-16 
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A.  GENERAL 


IX. 

TURBOPUMP  WEAR-RING  DEVELOPMENT 


Objectives 


(u)  The  objectives  of  the  ARES  turbopurap  wear»ring  program  are  to 
design  and  develop  wear  rings  that  will  (l)  satisfactorily  limit  pump  internal  leak¬ 
age  and  (2)  operate  safely  and  reliably  with  intermittent  rubbing  in  both  N2OJJ  and 
AeroZINE  50.  The  results  of  the  wear-ring  program  will  be  applicable  to  both  the 
advanced  (T-housing)  and  the  backup  (inline)  turbopurap  wear-ring  designs  as  well  as 
to  other  close-running  components  such  as  shaft  labyrinths,  axial  thrust  compensators, 
inducers,  and  boost  pumps. 


2.  Approach 

(u)  Two  approaches  are  being  taken  in  solving  the  wear-ring  seal¬ 
ing  and  explosion-hazard  problems.  The  first  approach  is  to  allow  intermittent 
rubbing  of  the  Impeller  wear-ring  on  inert,  compatible  inserts;  straight  labyrinth 
seals  Incorporating  these  features  are  to  be  tested.  The  results  are  applicable  to 
stepped  labyrinth  seals  as  well. 

(u)  The  second  approach  is  to  allow  low-speed  transient  rubbing, 
but  to  prevent  high-speed  contact  by  maintaining  a  fluid  film  between  the  impeller 
running  surface  and  the  seal  itself.  Tests  will  be  conducted  on  axial  and  radial 
hydrostatic  seals  based  on  this  concept.  Experience  with  seals  and  bearings,  obtained 
in  Contracts  AP  0U(6ll)-7U39,  AP  0l*(6ll)-85J<8,  and  AF  Ol*(6ll)-1078U,  indicate  that 
this  second  approach  is  feasible.  Analyses  and  designs  of  the  four  concepts  to  be 
tested  were  presented  in  Report  TR-66-1. 


of  Results 


(u)  Testing  was  delayed  because  of  bearing  rework  after  failure  of 
a  water-lubricated  bearing  during  the  first  rotating  test  (see  Report  TR-66-82),  Two 
successive  failures  of  the  hydrostatic  thrust  collar  on  the  tester  during  the  bearing 
test  program  (the  first  described  in  Report  TR-56-82  and  the^  second  in  Section  VIII 
of  this  report)  further  delayed  the  resumption  of  wear-ring  bating  when  the  original 
wear-ring  tester  was  converted  into  a  bearing  tester.  A  new  tester  was  fabricated, 
and  testing  was  resumed  on  9  June  1966.  Four  tests  utilizing  stepped  and  straight 
labyrinths  were  conducted  (two  static  flow  checks  and  two  rotating  tests);  the  initial 
test  in  this  series  was  reported  previously.  Wear-ring  rubbing  by  test-heat  displace¬ 
ment  into  the  rotating  labyrinth  has  been  accomplished  successfully.  Another  water- 
lubricated  bearing  failed  during  Tert  3.  This  failure  was  found  to  be  caused  by  the 
loss  of  water  flow  through  the  bearing  at  high  speed.  After  the  pressure  differential 
across  the  bearing  had  been  adjusted,  the  rotating  rubbing  test  (Test  4)  was  conducted 
at  29»*»00  rpm  with  no  difficulties. 
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IX,  Turtopuap  Wear-Ring  Development  (cont.) 

B.  DESIGN 

(u)  In  the  design  of  the  straight-labyrinth  seals  to  withstand  rub¬ 
bing,  much  consideration  has  been  given  to  the  retention  of  the  plastic  inserts 
at  high  pressures  and  during  rubbing.  The  following  retention  mechanisms  are 
being  evaluated. 

1.  Dovetail  Insert 

(u)  This  concept  is  illustrated  in  Figure  IX-1,  which  also 
shows  the  essenti^  components  of  the  wear-ring  test  head.  The  plastic  insert 
is  sandwiched  between  a  two-piece  flange.  The  axial  compression  on  the  insert 
is  established  by  the  thickness  of  the  Teflon  shim  end  the  torque  on  the 
bolts.  The  flange  has  pressure  reliefs  connecting  the  insert  OD  to  the  down¬ 
stream  side  of  the  lab3rrinth  to  preclude  forcing  the  insert  out  of  the  flange. 
This  concept  provides  good  pressure  retention  but  requires  several  parts.  Its 
main  disadvantage  is  a  wide  axial  clamp  on  the  upstream  side  of  the  labyrinth, 
which  requires  locating  the  labyrinth  teeth  axially  away  from  the  impeller  proper 
or  reducing  the  number  of  teeth  (and  increasing  the  leakage).  This  concept  has 
been  tested  successfully  in  water  at  2^00  psi. 

2.  Reinforced  Dovetail  Insert 


(u)  As  a  backup  to  the  dovetail  insert  in  the  event  of  excessive 
pressure  distortions,  a  reinforced  dovetail  concept  has  been  fabricated  (Figure  IX-2} 
in  ^ich  the  Teflon  insert  is  molded  to  a  perforated  steel  ring  and  then  machined 
to  shape.  The  Insert  is  then  placed  into  the  main  flange,  followed  by  the  retaining 
ring.  A  thin  lip  of  the  main  flange  is  then  rolled  over  the  retaining  ring  while 
an  axial  force  is  maintained  on  the  assembly.  This  axial  force  ensures  a  tight 
lock-up  of  the  parts  and,  in  addition,  deforms  the  perforated  ring  where  it  con¬ 
tacts  the  flange  and  retaining  ring,  providing  a  metal-to-metal  seal  against 
leakage  between  the  parts.  This  concept  has  the  same  disadvantage  as  the  dovetail 
Insert. 


3.  Knurled  Insert 

(u)  This  simple  design  (Figure  IX-3}  has  straight  knurling  on 
the  ID  of  the  flange  which  retains  the  plastic  insert.  However,  it  was  found  that 
the  plastic  inseirt  would  not  deform  sufficiently  to  fill  the  valleys  between  the 
crests  of  the  knurls:  the  overall  leakage  rate  of  the  labyrinth  would  therefore 
be  excessive.  Although  the  basic  problem  of  excess  leakage  might  be  overcome  by 
a  better  combination  of  knurl  depth  and  flange/lnaert  interference,  and/or  by 
using  some  type  of  compatible  filler  material  in  the  knurled  area,  such  an 

- aj^roaoh  -would  involve  time-consuming  development  that  did  not  seem  vorthwile. 

Instead,  the  knurled  flanges  were  reworked  to  accept  pressure-relieved  inserts. 
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IX,  B,  Design  (cent.) 

Pressvtre-Relleved  Insert 

IV,  *  concept  (Figure  1X-1<)  consists  of  drilling  a  series  of 

radial  holes  to  connect  the  OD  and  the  ID  of  the  insert.  A  set  of  eight  ecuellv 
^aced  holes  are  drilled  in  each  of  three  planes,  and  each  set  of  holes  is  connected 

groove.  In  this  way  the  pressure  gradients  on  the  outside  and 
inside  of  the  insert  are  equalized  and  there  is  less  tendency  for  the  insert  to  be 
forced  out  under  pressure. 


5.  Felt-Metal  Insert 

insert  (Figure  IX-5)  consists  of  small  nickel  fibers 
, n  !  are  sintered  together  to  produce  a  material  with  a  density  controllable  from 
10  to  80%  of  that  of  a  solid  nickel  insert.  A  density  of  20%  has  been  chosen  for 
the  water  screening  tests.  For  water  testing,  the  insert  is  simply  bonded  to  the 
flange  with  epoxy,  but  for  use  in  propellants,  the  insert  would  be  brazed  to  the 
flange.  The  material  deforms  xrtien  contacted  and  therefore  has  been  used  in  high¬ 
speed  turbocoapressors  as  a  labyrinth-sleeve  material. 

6.  Shell-Reinforced  Insert 

(u)  This  concept  (Figure  IX-6)  involves  molding  Teflon  about  a 
spun,  perforated  metal  shell.  The  shell  increases  the  strength  of  the  port,  whereas 
the  perforations  ensure  a  better  adherence  of  the  Teflon  to  the  metal  shell.  This 
insen  does  not  rely  on  an  interference  fit  with  the  flange  and  thus  should  not  be 
greatly  affected  by  any  time-rate  changes  in  the  Teflon  properties.  It  is  easy  to 
assemble  and  replace, 

^  ^  quarterly  report  it  was  pointed  out  that  impeller 

distortions  significa-ntly  affect  the  operation  of  the  hydrostatic  wear  rings.  Ai^ 
movement  of  the  impeller  that  produces  a  diverging  or  converging  flow  path  will 
change  the  overall  flow  of  the  seal,  the  seal  stiffness,  and  the  running  clearance. 
Since  the  flow  rates  are  low  in  comparison  with  other  wear-ring  types,  any  changes 
in  flow  rate  are  not  in  themselves  too  Important.  Changes  to  seal  stiffness,  end 
clearances  are,  however,  very  important,  as  shown  in  Figure  IX-T  for  the  hydrostatic 
face  seal.  Figure  IX-7  shows  how  the  axial  stiffness  and  the  average  nsnning  clear¬ 
ance  of  each  land  vary  with  the  amount  of  coning  of  the  seal  faces.  Data  for  two 
different  seals  are  plotted.  The  only  difference  between  the  two  seals  is  that  one 
seal  has  a  total  fac«  width  of  0.150  in.,  whereas  the  other  has  a  width  of  0.300  in. 
Both  seals  have  the  same  balance  diameter  (3.50b  in.)  and  the  same  nominal  running 
clearance  (0.001  in,  for  zero  face  distortion).  The  0.300-in. -vide  face  seal  is 
the  seal  presently  fabricated  for  water  testing.  From  Figure  IX~7  it  can  be  seen 
that,  for  increasing  divergence  of  the  flow  path  (positive  a),  the  axial  stiffness 
inereaaes^but  the  average  running  clearance  across  each  land  decreases.  Thus,  even 
though  tTO  seal  stiffness  is  increasing,  it  appears  that  at  some  alpha  the  outer 
land  (ti)  will  contact  the  running  surface.  For  the  case  of  a  convergent  flow  path, 
or  negative  a,  the  seal  stiffness  reaches  a  value  where  the  seal  response  is  inade¬ 
quate  to  follow  shaft  movements  and  the  seal  is  thus  made  inoperable.  Hence,  it  is 
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seen  that  limits  exist  to  the  amount  of  distortion  that  can  be  withstood  by  the  seal. 
By  comparing  the  data  in  Figure  IX-7  for  the  two  seals,  it  is  seen  that  contact  with 
the  running  surface  occurs  at  larger  distortions  for  narrower  face  widths.  The 
narrower  seal  will  also  respond  better  to  impeller  wbble  due  to  the  fact  that  its 
mass  can  be  reduced  by  about  a  factor  of  four  (if  its  width  is  reduced  to  1/2,  then 
its  length  can  also  be  reduced  by  1/2} ,  while  seal  stiffness  decreases  by  only  a 

factor  of  two  (Figure  XX'-T);  thus  the  response  rate,  which  is  proportional  toif, 

might  beVVS  «  l.U  times  that  of  the  0.300-in. -wide  seal.  It  is  therefore  concluded 
that,  as  an  aid  in  accommodating  the  impeller  distortions,  the  face  seal  should  be 
reduced  in  size.  A  size  reduction  of  %%  is  possibly  a  lower  limit  for  ease  in 
fabrication.  If  the  water  tests  of  the  present  wear  ring  with  a  face  width  of 
0.300  in.  are  completed  satisfactorily,  additional  seals  of  narrower  width  will  be 
ordered. 


C.  FABRICATION 

(u)  All  test  hardware  is  now  available  for  testing.  Efforts  to  bond 
the  Kystl  resin  to  the  stainless  steel  flange  have  not  been  successful;  this  con¬ 
cept  therefore  will  not  be  tested. 

D.  TESTING 

1.  Setup 

(u)  A  description  of  the  basic  test  setup  has  been  given  in 
Report  TH-66-82.  Testing  to  date  has  reqtuired  only  one  additional  parameter  to  be 
monitored;  i.e.,  inboaurd  flow  to  detenaine  the  flow  ret^uirements  for  the  water- 
lubricated  roller  bearing.  Briefly,  the  basic  test  setup  sllows  the  pressures  on 
each  side  of  the  wear  rings  to  be  monitored.  In  addition,  the  inflow,  Qi,  and  the 
outboard  flow,  Q3,  are  measured  (see  Figure  IX-l).  l%e  inboard  now,  Qg,  is 
simply  Qi>Q3.  The  inboard  flow  exits  from  the  test  head  through  two  paths;  since 
the  path  past  the  water-lubricated  roller  bearing  is  subse^iuently  "contaminated” 
by  a  GR2  purge,  the  other  exit  line  is  now  monitored  to  yield,  i.e.,  the 
inboard  flow  that  does  not  pass  through  the  bearing.  The  bearing  flow  then  is 

2,  Tent  Results 

(u)  The  second  water  test  was  conducted  on  “  March  I966  to 
detemine  the  leakage  rate  of  the  stepped  labyrinth  when  run  at  close  axial  clear¬ 
ances;  this  test  simulates  an  extreme  condition  that  would  be  expe'^leneed  during 
startup  and  shutdown  of  the  turbopump.  The  results  of  this  test,  given  in 
Figure  IX-B,  when  compared  with  the  results  of  Teat  1  show  that  little  change  in 
flow. occurs  even  though  the  wtlal  clearence  has  been  reduced  from  0.050  to  0.022 
and  0.012  in.  on  the  outboard  and  inboard  lal^rinths,  respectively.  This  means 
that  little  loss  occurs  from  the  bend  or  step  proper,  and  that  esaentially  all 
the  loss  is  due  to  the  primary  restriction;  i.e.,  the  labyrinth  teeth. 
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(u)  Test  3  was  conducted  on  13  June  1966.  Six-teeth  straight 
labyrinths  of  0.050-in.  pitch  were  used.  The  inserts  were  made  from  Vespel  SP-1 
(outboard)  and  from  TEC  Pluorfil  BP3  (inboard);  both  inserts  were  dovetail-retained 
(Figure  IX-1).  Vespel  SP-1  is  a  DuPont  tradename  for  parts  fabricated  from  an  aro¬ 
matic  polyimide  resin.  It  is  stronger  than  Teflon,  has  good  friction  and  wear  prop¬ 
erties,  and  has  been  used  for  gears,  ball-bearing  separators,  and  sleeve  bearings. 
The  Fluofil  BF3  compound  consists  of  Teflon  with  a  proprietary  fill  material  of 
Themech  Engineering  Corp.  {l^%  fiber  glass  and  105  metallic  oxide).  Preliminary 
compatibility  testing  shows  it  to  be  compatible  with  both  N2O4  and  AeroZIKE  50.  The 
test  was  conducted  by  increasing  pressure  to  2,500  psi,  then  increasing  speed.  At 
a  speed  of  27,000  rpm  one  of  the  radial  loading  bearings  reached  a  temperature  of 
275^Fj^and  the  tester  was  therefore  shut  down.  Shaft-speed  decay  was  noraal  until 
a  speed  of  10,000  rpm  was  reached,  at  which  point  the  shaft  seised.  Disassembly  of 
the  tester  revealed  that  the  cage  of  the  water-lubricated  bearing  had  failed.  In 
addition,  the  inner  race  spun  on  the  shaft.  Subsequent  analysis  of  pressure  and 
flow  data  (Figure  IX-8)  indicated  the  presence  of  large  centrifugal  pressure  gra¬ 
dients  that  reduced  the  bearing  flow  to  tero  at  about  15,000  rpm. 

(u)  Test  4  was  conducted  on  21  June  1966  with  the  same  test  pieces 
as  Test  3.  The  inboard  seal  pressure  was  approximately  doubled  over  that  of  Test  3 
to  increase  the  flow  through  the  bearing  and  to  reduce  the  effect  of  the  centrifugal 
pressure  gradient.  Speed  was  increased  to  15,000  rpm  then  reduced  to  sero,  and  the 
bearing  flow  was  determined  to  be  about  6  gal/min.  The  same  procedure  was  followed 
at  25,000  rilm  mnd  the  bearing  flow  was  found  to  be  about  3  gal/min.  Speed  was  then 
increased  to  29,1(00  rpn^and  the  test  head  was  misaligned  radially  0.007  in.  to 
induce  rubbing  (outboaira  and  inboard  radial  clearances  were  0.001(5  and  0.005  in., 
respectively).  Both  flows  and  downstream  pressures  were  momentarily  affected  by 
the  rubbing  but  returned  to  normal  after  the  rubbing  ceased.  Approximately  two 
seconds  after  misaligtment ,  the  test  head  was  realigned,  and  about  six  seconds 
later  the  test  was  terminated.  Examination  of  the  plastic  inserts  showed  them  to 
be  in  good  condition  (Figures  IX-9  and  -10).  No  damage  was  observed  except  where 
rubbing  had  occurred.  The  water-lubricated  bearing  can  be  partially  examined  with¬ 
out  disassembly  of  the  tester  and  was  found  to  be  in  good  condition.  Preliminary 
data,  presented  in  Figure  lX-6,  are  being  analysed.  These  preliminary  data  permit 
the  computation  of  the  flows  to  be  expected  in  the  turbopump  if  this  particular 
labyrinth  design  is  used  (Figure  XI -11).  Comparing  the  predicted  oxidiser  pump 
leakage  of  143.7  gal/min  with  the  previously  estimated  leakage  of  121  gal/min 
(Ref  Figure  VI-7,  Report  TR-66-82)  shows  a  difference  of  195.  The  total  fuel- 
pump  leakage  with  the  thrust  balancer  near  the  null  position  has  been  estimated 
previously  to  be  143  gal/min  (Ref  Figure  VI-12,  Report  TR~66-82);  the  value  of 
154.4  gal/min  of  Figure  IX-11  correlates  within  85. 

(u)  The  estimated  oxidiser-pump  leakage  of  121  gal/min  is  for 
a  labyrinth  design  with  seven  teeth,  instead  of  six  as  in  the  test  hardware.  This 
explains  most  of  the  difference  in  oxidiser  leakages.  The  rest  of  this  difference, 
and  the  difference  between  the  estimated  fuel-pump  leakage  and  the  test-data- 
eorrelated  leakage  (143  versus  154,4  gal/min),  can  probably  be  explained  by  a 
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deviation  fron  the  flow  coefficient  originally  aaeva&ed  for  the  leakage  calcula'* 
tione.  Ho  ahiolute  flow  coefficient  value  was  known  during  the  labyrinth  design- 
and-analysis  period.  The  assuaed  coefficient  deviated  by  less  than  lOt  froa  the 
neasured  test  data.  Zt  may  be  concluded  from  this  correlation  that  the  leakage 
expected  with  this  labyrinth  design  will  not  significantly  change  the  pump  effi¬ 
ciencies  used  in  the  cycle  analysis  (Ref  Figure  VI -T  of  Report  TR-66-82). 

(u)  Concept-screening  testing  in  the  Hydrolab  is  expected  to 
be  completed  late  in  July,  at  which  time  testing  in  AercZINE  50  will  be  initiated. 
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X. 


TPA  SEAL  DEVELOPMENT 


A.  GENERAL 

1.  Background 

(c)  The  ARES  T~engine  will  require  a  rotating  shaft  seal  Between 
the  fuel  pump  and  the  oaidizer-rich  gas.  This  sealing  will  be  accomplished  by 
either  (a)  a  hydrostatic  seal  in  which  fuel  acts  as  the  operating  fluid,  with  out¬ 
flow  entering  and  combusting  in  the  oxidizer-rich  turbine  exhaust  gas,  or  (b)  a 
hydrostatic  seal  in  which  an  inert  purge  fluid  is  introduced  to  separate  the  fuel 
from  the  oxidizer, 

(u)  Previous  work  completed  on  Contract  AF  0l>(6ll)-10761»,  "Hydro¬ 
static  Combustion  Seal  Feasibility  De.monstration  Program,"  included  the  design  of  a 
liydrostatic  combustion  seal  and  test  equipment,  feasibility  demonstrations  of  the 
seal  while  rotating  in  water,  and  combustion  tests  of  a  thin,  representative  cross- 
section  of  the  seal  (20  tests).  This  work  was  satisfactorily  completed  and  is 
described  in  Final  Report  AFRPL-TR-66-79. 

2.  Objectives 

(u)  The  Phase-I  portion  of  the  ARTO  program  requires  a  6o-8ec 
demonstration  of  both  a  hydrostatic  combustion  seal  and  a  purge  seal  while 
operating  at  1^0,000  rpm  under  temperatures  and  pressures  simulating  those  expected 
in  the  ARES  engine, 

3.  Test  Progrem 

(u)  The  following  test  series  have  been  planned  to  attain  the 
program  objectives: 

a.  Additional  §0  tests,  in  which  combustion  is  further 
examined  with  the  modified  cross-section  of  the  seal  developed  on  Air  Force 
Contract  AF  0l*(6ll)-107Q^,  but  with  a  clearance  of  0.001  in. 


b.  Preburner  checkout,  completed  during  the  previous 


quarter . 


c.  Cold  rotating  tests  to  40,000  riam,  wherein  the  seal- 
fuel  flows  and  the  tester  operating  characteristics  are  evaluated  while  using  fuel 
only,  without  combustion. 
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d.  Hot  rotating  combustion  tests,  in  which  the  combustion- 
seal  objective  is  to  be  reached. 

e.  Purge-seal  tests,  which  will  evaluate  operation,  while 
cold,  hot,  static,  and  rotating.  These  tests  will  culminate  in  the  demonstration 
of  the  purge-seal  program  objective. 

I4.  Summary  of  Work  Completed 

(u)  Work  during  this  quarter  included: 

a.  Completion  of  the  2D  tost  program, 

b.  Completion  of  the  cold-rotating  hydrostatic-seal  tests. 

c.  Design,  fabrication,  and  testing  of  a  modified  hydro¬ 
static  combustion-seal  bellows. 

d.  Selection  of  a  purge  fluid  and  the  design  of  pressur¬ 
izing  equipment  for  purge-seal  testing. 

B.  HYDROSTATIC  COMBUSTION  SEAL 
1.  2D  Tests 

(u)  The  2D  test  scries,  completed  during  this  quarter,  were  an 
extension  to  the  tests  conducted  under  Contract  AF  Oli(  6ll)-1070^. 

a.  Description  of  Hardware 

(u)  The  tester  {described  in  detail  in  Report  AFRPL- 
TR-66-79,  Figure  III-l)  was  designed  to  produce  oxldiaer-rlch  gas  at  conditions 
simulating  the  ARES  engine,  except  that  facility  limitations  restricted  the 
operating  pressure  to  1000  pst.  Combustion  in  the  seal  test  zone  was  observed 
by  closed-circuit  television  and  photographed  through  a  quartz  window  in  the  side 
of  the  tester. 

(u)  The  tost  segment  (Figure  X-l)  duplicated  the  cross 
section  of  the  hydrostatic  combustion  seal  at  the  point  of  fuel  introduction. 
Temperatures  were  monitored  at  a  point  0.1  in,  below  the  surface  and  0.1  in. 
upstream  of  the  fuel  inlet,  and  also  at  two  points  along  the  downstream  ramp. 
Formation  of  a  0.001-ln. -thick  slot  was  .successfully  accomplished  by  fabricating 
the  seal  in  two  pai'ts,  using  a  0.001-in. -thick  shim  to  separate  the  jiarts  at  the 
required  /,ap.  The  parts  were  gold-brazed  in  a  vacuum  furnace. 
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b.  Description  of  Tests 

(u)  The  tester  was  installed  in  accordance  with  the 
flow  diagram  shown  in  Figure  IV-23  of  Report  AFRPL~TR-66-T9«  A  total  of  11 
seal-segment  tests  were  attempted  during  eight  firings.  A  suramary  of  these 
tests  is  shown  In  Figure  X-2,  During  the  first  three  firings,  two  segments 
were  tested  simultaneously  but,  because  of  technical  difficulties  with  the 
bottcm  segments,  it  was  decided  that  more  exped-'tious  testing  could  be  accom¬ 
plished  by  eliminating  the  bottom  segments  in  the  later  tests.  Two  segments 
were  tested  for  total  durations  of  8.3  and  J<0.5  sec,  respectively.  No  damage 
occurred  to  any  test  hardware,  as  evidenced  by  Figure  X-3. 

(u)  An  inert  purge  fluid  was  initially  used  for  filling 
the  fuel-segment  tubing  to  reduce  the  possibility  of  interpropellant  contamination. 
Because  of  the  time  required  to  expel  this  fluid  at  the  close  clearances,  it  wan 
necessary  to  extend  the  duration  of  the  tests.  A  significant  development  during 
the  last  three  tests  was  the  introduction  of  fuel  to  the  segment  before  the  pre¬ 
burner  was  activated.  During  the  engine  startup  transient,  fuel  at  low  pressure 
msy  leak  from  the  seal  prior  to  precombustor  ignition,  which  poses  the  possibility 
of  damage  to  hardware  during  this  time.  However,  the  2D  test  results  show  that 
there  will  be  no  hardware  damage  if  the  fuel  and  oxidizer  flows  to  the  seal  precede 
combustor  ignition. 


c .  Test  Results 

(u)  During  2D  testing,  the  flow  of  fuel  to  the  test 
segment  was  to  be  representative  of  the  reduced  seal  flow  rate.  This  resulted 
in  a  lower  fuel  flow  rate  through  a  smaller  slot  than  had  been  accomplished 
during  the  2D  tests  on  Contract  AF  0J»(6ll)-1078U.  Examination  of  test  data 
revealed  that  the  seal-segment  fuel-circuit  pressure-drop  increased  markedly 
within  about  1.^  sec  after  stable  preburner  combustion  had  been  attained, 
reducing  fuel  flow  to  about  one-third  of  the  nominal  value.  The  added  restric¬ 
tion  was  not  permanent,  and  occurred  only  during  preburner  operation.  Figure  X-1* 
presents  plots  of  pertinent  date  from  Test  30,  in  which  a  typical  flow  restric¬ 
tion  developed.  An  examination  of  possible  causes  led  to  the  conclusion  that 
this  flow  restriction  had  been  caused  by  surface  thermal  expansion.  This  condi¬ 
tion  will  he  less  aggravated  on  the  hydrostatic  seal  since  this  seal  can  auto¬ 
matically  adjust  its  average  clearance. 

(u)  Temperatures  0.1  in.  below  the  surface  of  the 
upstream  half  of  the  segment  rose  steadily  during  all  tests,  but  surface  temper¬ 
atures  along  the  downstream  rsmp  were  less  than  200®F.  These  data  are  plotted 
in  Figure  X-5. 
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X,  B,  Hydrostatic  Combustion  Seal  (cont.) 


(u)  The  2D  test  program  led  to  the  following  observations 

a.  It  is  not  necessary  to  reduce  fuel  flow  to  the 
lowest  possible  value  to  protect  downstream  hardware. 

b.  Mixture  ratios  in  the  range  of  10  to  20 J  I 

appear  to  be  acceptable. 


c.  Average  a>:ial  seal  operating  clearances  of 
about  0.001  in.  appear  to  be  practical.  If  the  initial  seal  operating  clearance 
is  reduced  to  leaser  values,  the  seal  distortion  due  to  temperature  of  the 
rotating  portion  may  cause  rubbing.  If  the  initial  seal  clearance  is  increased 
to  more  than  0.0015  in,,  the  fuel  flow  rate  will  be  excessive. 

d.  Additional  oxidizer  cooling  and  shielding  of 
the  rotating  ring  should  be  investigated.  Such  investigations  are  presently 
under  way. 


2.  Cold  Rotating  Tests  in  AeroZINK  50 

(u)  A  total  of  12  tests  were  attempted  to  complete  the  cold 
rotating  testing.  The  objectives  of  these  tests  were: 

a.  Determlnacion  of  fuel  fill  time  at  6o  psi. 


b.  Determination  of  the  drive-turbine  gas  pressure 
necessary  to  rotate  the  tester  at  1:0,000  rpm. 

c.  Tester  component  evaluation. 

d.  Determination  of  tester  acceleration  and  deceleration 

rates . 


e, -  Determination  of  fuel  flow  from  the  seal  at  operating 
speed  for  two  axial  clearances  and  two  seal-to-gas  operating  pressure  differentials. 

f.  Test  installation  checkout  and  evaluation. 


(u)  The  tester  shown  in  Figure  X-6  was  used  for  the  cold  test 
series.  The  sarnie  tester  will  be  used  for  hot  tests,  except  that  the  internal 
shielding  and  the  velocity-control  equipment  were  removed  for  the  cold  tests. 
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X,  By  Hydrostatic  Combustion  Seal  (cont.) 


(u)  The  test  seal  Is  shown  in  Figure  X-7.  Essentially  the  seme 
seal  will  ae  used  in  hot  testing.  For  hot  testing,  a  burnoff  shield  will  be 
added  a«d  j  rotating  face  will  be  designed  for  upstream  oxidizer  admission. 

(u)  The  tester  was  installed  in  accordance  with  I..gure  X*-8. 
Pertinent  test  data  from  the  hydrostatic  seal  testing  are  tabulated  in  Figure  X>9< 

(u)  Two  nonrotating  tests  were  conducted  to  establish  fuel  flew 
rates  and  fill  times.  These  tests  were  made  during  the  third  quarter,  and  are 
described  in  the  last  quarterly  report. 

(u)  The  first  cold-rotating  test  attempt  failed  when  a  bearing 
thermocouple  was  forced  from  its  housing  at  3000  psi.  The  AeroZINE  ^0  escaping 
to  the  atmosphere  through  this  opening  ignited  and  destroyed  exterior  instrumenta¬ 
tion  wiring.  During  shutdown,  the  seal  bellows  was  subjected  to  external  over¬ 
pressure  and  consequently  collapsed.  A  malfunction  during  the  next  test  caused 
overpressurization  of  the  chimber  and,  during  shutdown,  a  bellows  was  again 
destroyed  by  a  pressure  reversal. 

(e)  The  test  head  was  removed  for  the  next  three  tests  while  a 
technique  was  developed  which  would  prevent  a  pressure  reversal  on  the  bellows. 

The  following  pressurizing  procedure  was  finally  developed: 

a.  Seal  fuel-supply  pressure  was  set  at  200  psi. 

b.  Chamber  gas  pressurization  was  initiated  by  opening  a 
valve,  and  the  computer  which  controlled  the  fuel-intensifier  pressure  immediately 
increased  seal-fuel  pressure  to  500  psi. 

c.  The  computer,  responding  to  the  ':hamber  pressure, 
increased  the  intensifier  pressxire  at  a  ratio  of  51:31  until  chamber  pressure 
reached  3100  psi  wid  seal  supply  pressure  feav-ned  5600  psi. 

d.  Shutdown  was  likewise  controlled  in  the  reverse  order. 

(u)  Five  attempts  were  then  made  with  a  rotating  seal.  All 
attempts  were  aborted  because  of  various  system  malfunctions.  Partial  success 
WM  obtained  on  Tests *007  and'OiOB  where  shutdown  occurred  before  the  desired 
rotation  was  reached.  Damage  to  the  test  seal  occurred  in  Test '006  when  the 
vnive  that  internidly  pressurized  the  seal  failed  to  open.  The  lack  of  internal 
pressure  caused  the  sejU.  to  contact  the  rotating  face  for  4  sec  at  26,000  rpm. 

The  seal  faces  consequently  welded  together,  causing  an  abrupt  loss  in  speed. 
During  disassembly,  the  rotating  face  had  to  be  cut  from  the  seal  face  as  shown 
in  Figure  X-10. 
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(u)  The  firv.t  successful  rotating  test  (Test  Oil)  achieved  a 
total  rotating-'time  of  Qh  see»  60  sec  of  which  were  at  a  speed  above  38,000  rpm. 

All  test  parameters  were  met  except  speed,  which  was  2-1/2%  low.  Seal  external 
flow  was  0,27  Ib/sec,  which  resulted  in  an  operc oing  clearance  of  0.00076  in. 

Data  ficm  this  test  are  plotted  in  Figure  X-ll.  To  reduce  iSiel  flow  to  a 
minimum,  this  seal  was  designed  for  a  pocket-to-chamber  pressxure  of  200  psi 
instead  of  the  original  ^00  psi.  One  0.02^-in.  orifice  was  used  in  each  seal 
pocket.  Axial  runout  of  the  rotating  face  was  O.OOOU  in.  This  is  the  closest 
clearance  and  the  least  fuel  flow  that  will  be  considered  for  the  hydrostatic 
combustion  seal.  The  seal  was  Installed  with  0.019  in.  axial  compression-- 
the  expected  installed  compression  in  the  AB£S  engine.  Q^ere  was  no  damage  to  the 
test  hardware  and  no  evidence  of  seal- face  contact,  as  evidenced  by  the  excellent 
condition  of  the  seal  shown  in  Figure  X-12. 

(u)  Turbine  power  was  insufficient  to  reach  the  desired  speed 
of  ^0,00C  rpm.  The  highest  speed  was  39*^00  rpm  and  average  speed  about  39»000  rpm. 
The  turbine  nozzle  diameters  were  therefore  increased  from  0.269  to  0.300  in.  to 
increase  gas  flow  for  the  last  test  of  the  series.  The  seal  used  for  a  pocket-to- 
chamber  differential  pressure  of  500  psi  was  installed  for  the  final  test  of  the 
series,  and  two  0. 030-in. -dia  orifices  were  used  for  each  seal  pocket.  This  was 
done  to  increase  seal-face  clearance  to  0.001  in.  in  anticipation  of  warpage  that 
might  occur  in  future  hot  Seats.  Axial  runout  of  the  rotating  face  was  0.0005  in. 
Bbllows  compression  was  O.C-20  in. 

(u)  The  -procadiifre  followed  in  Test* 012  was  identical  to  that  of 
Test^Oll.  All  objectives  were  met}  seal  fuel  flow  was  C.h3  Ib/sec  and  speed  was 
l»0,odo  rpm.  Toi^  rotating  time  was  73  sec,  with  a  duration  of  63  sec  at 
l(Q,bbo  rpm.  Surface  velocity  was  about  600  ft/uec  and  the  pressure  on  the  installed 
face  was  19. S  pei.  J^e  test  results  aro  plotted  in  Figure  X-13.  There  was  no 
^idehce  of  seal  contact  and  no  d;m^e,  as  evidenced  by  the  excellent  posttest 
appearance  of  the  hardware  (Figure  X-lb). 

(u)  The  following  ccaclusions  my  *>e  reached  from  the  cold 

rotating  tests: 

a.  Seal  operation  fuel  flows  to  combustion  from  0.27  up 
to  0,1»3  Ib/sec  has  been  demonstrated.  This  -.lovers  the  expected  range  of  operating 
clearances  and  iSP, 

b.  Axial  wobble  of  0,.000»;  in.  at  operating  speeds  can  be 
accommodated  with  an  average  clearance  of  0.000?6  Ic* 
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Xy  B,  Hydrostatic  Combustion  Seal  (cont.) 


c.  The  tester  components  have  been  checked-out  at  specified 
operating  speeds  and  pressures  for  the  desired  duration  of  60-sec  tests. 

d.  Fill  times,  turbine  gas  pressures,  acceleration  and 
deceleration  rates,  and  pressxire  drops  have  been  established. 

3.  Hot  Rotating  Tests 

(u)  Various  components  were  modifi-  d  in  preparation  for  the  hot 

rotating  tests. 

(u)  The  seal  was  redesigned  to  optimize  heat  transfer  to  the 
burnoff  shield  downstream  of  the  seal  -y  providing  an  annulus  approximately  0.018  in. 
thick  below  the  shield  surface  (Figure  X-15).  Oxidizer,  flowing  in  this  annulus  at  a  velocity  of 
30  ft /sec  will  improve  the  cooling  at  that  point. 

(u)  The  original  rotating  face  was  designed  to  be  screwed  w-nto 
the  shaft  to  prevent  interpropellant  leakage.  This  made  it  impossible  to  lock  the 
ring  to  the  shaft.  Additionally,  it  was  impossible  to  attain  the  desired  inter¬ 
ference  fit  to  offset  expansion  caused  centrifugal  force.  The  rotating  face 
was  therefore  redeslgn*^d  (Figure  X-15)  so  that  the  face  is  shrvnk  on  the  shaft 
and  held  by  a  nut,  which  is  locked  to  the  shaft  with  a  key.  A  cover  plate 
retains  the  key  and  also  seals  against  leakage.  As  a  farther  precaution  against  leakage, 
the  interior  is  filled  with  RTV  potting  compound  daoring  assembly. 

(u)  A  circulation  ring  (Figure  X-15)  bas  been  designed  to  fit  within 
the  seal  test  chamber  and  serves  to  improve  gas  circulation  within  the  test  head. 

(u)  Computer  studies  of  seal-teeter  performance  during  combustion 
indicated  the  possibility  of  pressure  instability  between  the  prebtirner  and  the  test 
housing-  To  prevent  flow  reversal,  the  preburner  will  operate  at  a  pressure  about 
1000  psi  higher  than  that  in  the  test  housing.  This  will  be  accomplished  by 
installing  six  nozzles  in  the  gan-diffuser  flange  at  the  function  of  the  preburner 
and  the  test  housing. 

U,  Special  Problems 

(u)  The  connection  between  ttie  bellows  and  the  seal  has  been 
redesigned  to  increase  the  reliability  of  the  bellows  in  case  of  pressure  reversal. 

Instead  of  being  welded  along  the  opposing  faces  of  the  seal  components,  the 
bellows  attachment  point  has  been  moved  to  the  inside  circumference  of  the  seal 
and  the  flange  (Figure  X-l6).  This  will  facilitate  weld  inspection  and  will 
increase  the  resistance  to  external  pressurization  about  bOOK.  The  new  bellows 
design  was  tested  in  cold  rotating  Test  012. 
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X,  B,  Hydrostatic  Combustion  Seal  (cont.) 


(u)  The  Rtrength  of  the  bellows  will  be  further  increased  by  fabri¬ 
cating  the  bellows  from  two  0.006-in. -thick  plies  of  Inconel  718  (Figure  X-l6)» 
thus  providing  redundant  protection  from  bellows  failure.  For  noxmal  operation,  the 
redesigned  bellows  will  further  increase  resistance  both  to  external  and  internal 
pressures  by  100/{.  The  net  result  of  the  two-ply  bellows  wxll  therefore  result  in 
an  eight-fold  Improvement  in  resistance  to  pressure  reversal. 

b.  Effect  of  Low  Internal  Pressure 

(c)  Because  the  seal  faces  contacted  and  welded  to¬ 
gether  during  Test-OOS,  the  effect  of  low  internal  seal-cavity  pressure  on  seal 
clearance  was  Invenigated  to  determine  an  allowable  tolerance  on  the  internal 
seal  pressure.  The  plots  shown  in  Figure  X-17  indicate  that  reducing  the  internal 
pressure  (P3}  tends  to  reduce  the  seal  clearance.  In  Figure  X-17,  the  clearance 
(t)  is  computed  excluding  the  effect  of  seal  distortion,  and  t  min  is  computed 
taking  into  account  the  distortion  caused  by  a  reduced  P3. .  In  cold  rotating 
Test;^8,  a  valve  malfunction  resulted  in  a  P3  of  only  170  psi  instead  of  2800 
to  3i00  psi  as  intended,  nrem  Figure  X-17,  the  minimum  clearance  corresponding 
to  a  P3  of  170  pel  is  O.OOOOU  in.  This  extremely  close  clearance  resulted  in  the 
rubbing  and  welding  together  of  the  seail  faces  during  Test-OOd  at  a  shaft  speed 
of  28,000  rpm. 


(u)  Figttre  X-18  is  a  plot  of  several  seal  parsmetere 
calculated  from  the  theoretical  TPA  start  transient.  The  plot  indicates  that  the 
pressure  differential  between  seal  pocket  (Pp)  and  inner  cavity  (P3}  does  not 
exceed  700  psi  during  the  start  transient.  During  the  start  transient,  the  seal 
will  therefore  not  be  subjected  to  the  conditions  that  caused  the  failure  during 
Test -008. 


C.  PURGE  SEAL 

(u)  The  purge  seal  is  being  designed  as  an  alternative  to  the  hydro¬ 
static  combustion  seal. 

(u)  Fabrication  of  all  tester  and  seal  parts  is  nearing  completion. 
The  purge  fluid  selected,  is  duPont  PR-1U3AB,  an  inert  material  that  meets  the 
viscosity  requirements  of  the  purge  seal. 

(u)  The  pressurising  system  will  simulate  anticipated  APJS  engine 
conditions.  Tbs  fuel  will  pressturise  one  end  of  a  vertical  cylinder  and  a 
floating  piston  will  prssswise  the  purge  fluid  on  a  1:1  ratio.  Fabrication  of 
this  pressure  vessel  has  started. 
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Hydrostatic  Combustion  Seal  in  Tester — Cold  AeroZlNE  SO  Tests 
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Hydrostatic  Combustion  Seal  after  Test  1 .2-04~WAW-012 
Figure  X-14‘ 
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Hydrostatic  Combustion  Seal  in  Tester  (Hot  Testing) 


Figure  X-t5 
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ORIGINAL.  OE.?tCN  REVISED  DESIGN  TWO-PDY  BELLCWS 

(USED  IN  TESTS  BEFORE  012)  (USED  IN  TEST  012) 


DESIGN  A  P,  2600  PSl  DESIGN  ‘‘P,  2600  PSI  DESIGN  “P,  2600  PSI 

MAX  A  P,  4500  PSI  MAX  •  P,  6000  PSI  MAX  P,  6000  4  PSI 

REVERSE  ap,  100  PSI  REVERSE  •*?,  400  PSI  REVERSE  A  P,  800  PSI 

AXIAL  TRAVEL,  O.OlO  IN.  AXIAL  TRAVEL,  0.040  IN.  AXIAL  TRAVEL,  040  IN. 


Bydrocttttie  Coatouttlon-Seal  Bellows  Redesign 


Figure  X-l6 
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SEAL  SUPPLY  TAKEN  DOWNSTREAM 
FROM  PRIMARY  COMBUSTOR  FUEL  VALVE 


Hydrostatic  Conbustion-Seal  Parameters  during  Engine  Start  Transient  (u) 


Figure  X>18 
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XI. 

SUCTION  VALVES 


A.  GENERAL 

(u)  The  purpose  of  the  suction  valves  is  to  control  the  adaission 
of  fuel  and  oxidizer  fiom  the  propellant  tanks  to  the  main  pump  inlets  of  the  engine 
nodule.  The  valves  provide  a  positive,  long-term,  welded,  shear-disc  storage  seal 
and  a  secondary  seed  to  effect  a  positive  shutoff  of  the  propellant  after  initial 
activation.  The  construction  of  the  valves  provides  a  straight-through  uninter¬ 
rupted  flow  passage  in  the  fully  open  position,  ^ieh  permits  a  close-coupled 
installation  at  the  main  pump  inlets. 

B.  DESIGN 

(u)  The  suction-valve  gate  is  a  segmented  ball,  which  lifts  from  the 
seat  and  rotates  completely  out  of  the  flow  passage  when  fully  open.  The  action 
of  the  gate  (i.e.,  to  lift  from  the  seat  and  then  to  rotate  out  of  the  flow  path) 
is  controlled  by  the  interaction  of  two  cams— one  rotating,  the  other  stationary. 

The  cam  design  permits  closure  *uid  positive  shutoff  of  the  valve  at  reasonably 
high  inlet  pressures  with  a  minimum  operating  torque.  Additionally,  the  initial 
linear  lifting  action  upon  opening  provides  the  motion  required  to  shear  the  long¬ 
term  storage  seal. 

(u)  The  design  concept  has  been  effectively  proven  by  testing  of 
two  experimental  valves. 

(u)  A  prototype  design  (Figure  XI-l),  which  approaches  flight- 
weight  and  envelope  requirements,  has  also  been  completed  and  four  units  are 
in  fabrication. 

(u)  The  design  of  a  satisfactory  method  of  welding  the  shear  disc 
in  place  to  ensure  long-term  storage  capability  has  been  completed,  and  an 
electron-bom-welding  technique  to  accomplish  the  Installation  has  been 
developed. 


(u)  Static  and  dynastic  stress  analyses  were  made  to  ensure  the 
functional  and  structural  capability  of  the  valve,  and  the  integrity  of  the 
analyses  has  been  demonstrated  Initial  testing  on  experimental  units. 

C.  PABtICATION  AND  TESTINO 

(u)  Two  experimental  valves  were  completed  early  in  May  and  have 
been  subjected  to  extensive  developsent  testing. 


Pag*  XI~1 

UNCUSSIFIED 


UNCIASSIFIED 

Report  10630»4)-1» 


n,  C,  F»brle«tioQ  and  Ttatiog  (oont.) 


(u)  Proof-pmauro  taatlnc  dnoiMtratod  the  atruetural  integrity 
of  tbe  houeing  vith  tihe  enlve  open  and  vith  the  gate  in  the  ahut-off  poaition. 

(tt)  Ixtemal  leakage  re^uireMnta  vere  net.  HowaYer*  internal 
leakage  teating  indioated  a  aead  to  provide  additionid  support  for  the  lip-type 
aeeondasy  seal.  A  daaiga  ehangi  haa  been  nade  and  nev  aeal-support  rings  have 
been  fabricated  and  are  being  tested.  This  nev  design  haa  alao  been  incor¬ 
porated  in  the  prototype  valve. 

(tt)  Hov  teating  dSMonstrated  that  the  predicted  flov  cbaraeteristiea 
are  being  act  ejceept  that  the  flov  factor  (K,,}  in  the  fully  open  position  vas  133 
rather  than  120  as  predicted »  indicating  anoother-than-anticlpated  flov  conditions 
throttidi  the  valve. 

(u)  Response  tests  vere  aade  at  opening  and  closing  rates  faster 
than  0.300  see,  and  endurance  cycling  testa  vere  aade  against  inlet  pressures 
exceeding  300  pai.  Mo  degradation  or  excessive  vear  vas  noted  vhen  the  valve 
vas  disaaseabled  and  examined. 

Fabrication  of  the  four  prototype  suction  valves  is  expected  to 
be  eoepleted  by  aid-JUly,  and  testing  of  these  units  is  scheduled  to  begin 
isnedlately  thereafter.  After  proof-pressure  and  functional  testing  of  the 
secondary  seal,  the  ahear-diae  seal  asscablies  viU  be  voided  into  the  valves. 
Danoostration  of  the  eoapleted  valves  to  neet  contractual  reguiresNOts  is 
scheduled  for  late  August  and  early  Septeaber  1966. 
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XII. 

FUEL-CONTROL  VALVES 


A.  GENERAL 

(u)  The  purpose  of  the  primary  and  secondary  ccsrhustor  fuel-control 
valves  (PCFCV  and  SCFCV,  respectively)  Is  to  control  the  fuel  flow  to  these 
combustors  during  all  phases  of  module  operation.  The  digital  computer  analysis 
of  module  perforaance  Indicated  the  necessity  for  closely  coordinating  the 
operation  of  the  PCFCV  and  the  SCFCV,  paii^icularly  during  module  startup  and 
shutdown.  A  reliability  study,  made  to  detemlne  the  need  for  actually  Inter- 
locKing  the  two  fuel-control  valves,  led  to  the  conclusion  that  an  interlock 
was  not  warranted  during  engine  development  if  residual  components  are  used 
during  Phase-II  module  testing.  Based  on  this  analysis  and  in  the  interest  of 
maintaining  maximum  control  flexibility  during  the  development  testing  i^ase, 
the  valves  will  be  servocontrolled  with  individual  posit ion- feedback.  The 
control  signals  will  be  subordinated  to  time  and  TPA  speed  during  startup  and 
shutdown,  with  provision  for  manual  signal  override  to  effect  simultaneous 
shutdown  of  both  valves  in  an  emergency. 

B,  PRIMARY  COMBUSTOR  FUEL-CONTROL  VALVE  (PCFCV) 

1.  Design 

(u)  Figure  XII -1  shows  the  configuration  of  the  PCFCV  as  it 
will  be  installed  in  the  module.  A  develoisumt  test  valve  having  an  identical 
configuration  at  the  control  ports  and  simulating  the  module  inlet  and  outlet 
port  configuration  has  been  designed  and  is  scheduled  for  testing  in  July.  Testing 
:onducted  on  the  PCFCV  for  the  hlgh-feed-pressure  intensifier  tests  demonstrated 
that  the  control-orifice  Inlets  should  be  chamfered  if  the  range  of  design  flow 
factor  (Ky)  is  to  be  met.  This  change  has  been  incorporated  in  the  development 
test  valve. 


2.  Fabrication  and  Testing 

(u)  All  fabrication  on  the  PCFCV  is  complete  unless  future 
testing  indicates  the  need  for  modifications  to  obtain  the  desired  control  and 
flow  characteristics. 

(u)  Testing  of  the  PCFCV  intended  for  the  Intensifier  tests  of 
the  primary  combustor  was  completed.  A  Ky  control  range  from  0.01  to  1.25  was 
attained,  which  will  meet  all  requirements  for  these  combustor  tests.  The  desir¬ 
able  Ky  control  range  for  the  module  PCFCV  is  from  0.01  to  l.Uo,  and  it  is 
anticipated  that  this  range  will  be  attained  with  the  development  test  valve. 
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XII,  Fuel-Control  Vadves  (cont.) 


C.  SECONDARY  COMBUSTOR  FUEL-COHl'ROL  VALVE  (SCFCV) 

1.  Design 

(u)  Figwe  XII-2  shows  the  configuration  of  the  SCFCV  as  it 
will  be  installed  in  the  module.  A  development  test  valve  (Figure  XII-3)  has  been 
designed  to  duplicate  the  control  ports  and  to  simulate  closely  the  configuration 
of  the  module  inlet  and  outlet  ports.  An  additional  SCFCV  has  bcb.i  designed  for 
high-pressxire  intensifier  testing  of  the  secondary  combustor.  Both  SCFCV  config¬ 
urations  incorporate  the  design  modifications  developed  during  PCFCV  testing  to 
obtain  a  maximum  control  range. 

2.  Fabrication  and  Testing 

(u)  Fabrication  of  both  SCFCV  configurations  was  completed,  and 
testing  has  been  completed  on  the  development  configuration.  The  control  capability 
of  the  valve  was  within  *  3%  over  the  full  design  range. 
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Figure  XII -1 
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Primary  Combustor  Fuel  Control  Valve  (Module) 
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Figure  XlI-2 
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Secondary  Combustor  Fuel  Control  Valve  (Module) 
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XIII. 

SUCTIOW  LIHiS  AND  AUXILIARY  SYSTEMS 


A.  GENERAL 

1,  Meln-Pvap  Suction  and  Boogt-Pump  Suction  and  Feed  Lines 

(u)  The  suction  lines  provide  the  connection  from  the  boost-pump 
outle-  to  the  auction- valve  inlet.  These  lines  are  subjected  to  a  relatively  low 
pressure  {150  and  350  psi  for  the  fuel  and  oxidizer,  respectively).  Conversely, 
the  boost-pvBsp  feed  lines  provide  high-pressure  propellants  from  the  main-nump  first- 
stage  discharge  to  the  boost-pump  fluid-drive  turbine  inlets.  These  oxidizer-  and 
fuel-turbine  feed  lines  operate  at  main-pump  first-stage  discharge  pressures. 

2.  Servo-Control  System 

(u)  The  servo-control  system  is  intended  to  provide  a  flexible 
and  reliable  control  for  the  primary  and  secondary  fuel  valves.  Available 
electro-hydraulic  servo  actuators  will  be  used  to  operate  the  fuel-control  valves , 
which  have  position-feedback  to  close  the  minor  loop. 

B.  DESIGN 

1.  Suction  and  Feed  Lines 


(u)  The  preliminary  design  analysis  for  sizing  the  suction  and 
feed  lines  has  been  completed.  The  sizing  was  based  on  line  lengths  of  6  ft  and 
on  the  module  differential-pressure  allocations  shown  in  Figure  XIV-2.  Tentative 
interfaces  for  the  suction  and  feed  lines  have  been  established. 

2.  Servocontrol  Systaa 

(u)  An  all-solid-state  control  system  has  been  designed  to 
sequence  and  provide  closed-loop  position  control  to  the  primary  and  secondary 
fuel  valves.  The  solid-state  approach  was  selected  because  it  offers  the 
highest  flexibility  of  any  system  proposed. 

(u)  This  high  degree  of  flexibility  is  obtained  throxigh  the  use 
of  basic  modules,  which  can  be  interconnected  from  a  patch  panel  for  a  given 
sequence.  If  a  different  sequence  is  desired,  only  the  patch  cords  need  be  changed. 
Flexibility  is  also  increased  by  the  ability  to  change  sequence  times  and  rates 
electronically,  without  any  other  modification. 

(u)  The  basic  modules  utilized  in  the  control  system  consist 
of  a  NOR  gate,  NAHD  gate,  flip-flop,  timer,  integrator,  and  amplifier. 
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XXIIy  Design  (cont.) 


(u)  The  existing  electrohydreulic  servoactuetors ,  ^rtiich  have 
been  integrated  with  the  PCFCV  and  SCFCV,  are  an  integral  part  of  the  control 
system.  Positional  accuracy  of  each  control  valve  is  expected  to  be  well  within 
l.OJf  of  steady-stage  operating  position.  Additionally,  the  actuators  have  built- 
in  fail-safe  devices,  which  will  close  the  fuel  valves  in  the  event  that  either 
electric  or  hydraulic  control  i>ower  is  lost. 

C.  FABRICATION  AND  TESTING  (SERVOCONTROL  SYSTiM) 

(u)  The  preliminary  circuits  for  the  modules  have  been  fabricated, 
and  are  presently  under  intensive  tests.  The  servo  amplifier  for  the  position- 
control  loop  has  been  designed,  and  initial  units  have  been  fabricated.  Initial 
testing  demonstrated  a  variable- voltage  gain  from  1  to  lOOv, which  will  meet  all 
anticipated  demands  for  either  the  PCFCV  or  the  SCFCV. 

(u)  Two  control  units  have  been  fabricated  for  use  in  Phase-I 
development  testing  and  have  been  integrated  with  the  electrohydraulic  servo- 
actuators.  The  servoeontrol  units  with  the  integrated  servoactuators  and 
respective  fuel-control  valves  will  be  calibrated  in  July  so  that  a  precise  fuel- 
valve  operating  Ky  value  can  be  remotely  preselected  and  obtained  at  a  predetermined 
valve  opening  rate. 
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XIV. 

PROPULSION  SYSTBt 


A.  GENERAL 

(u)  The  propuliion-»yit«m  effort  is  directed  tovard  expediting  and 
coordinating  the  design  of  sajor  ccaponents  to  meet  the  Work  Statement  objective 
of  demonstrating  the  engineering  practicality  and  the  performance  of  the  entire 
engine  module.  The  Phasc-I  design  effort  %rill  ensure  that  components  designed 
for  testing  are  ccmpatihle  with  the  engine  modules  for  both  single  and  clustered 
module  applications.  The  module  can  be  used  either  in  conventional  clusters 
or  autonomous  units  or  arranged  to  disehaige  through  a  common  plug  or  forced- 
deflection  type  noxzle.  A  20<«odule  forced-deflection  nossle  propulsion  system 
has  been  defined  for  establishing  the  overall  envelope  requirements  for  the  module. 

B.  SUMMARY 

(u)  The  folloving  tasks  were  performed: 

1,  The  design  pressure  schedule  was  revised. 

2,  The  pressure-drop  allocations  for  the  propellant  passages 
were  revised  slightly. 

3,  The  operating  point  of  the  engine  module  was  updated. 

The  steady-state  mathematical  model  of  the  module  assembly 
vas  updated. 

A  design  reviev  and  an  evaluation  study  were  initiated  on 
the  flov  distribution  and  pressure  drops  in  the  oxidizer 
flow  passages. 

6.  An  operating  envelope  vas  defined  for  the  Work  Statement 
specification. 

7.  Module  influence  coefficients  were  computed. 

8.  A  tolerance  study  vas  initiated  to  determine  the  effect  on 
engine  perfonsance  of  anticipated  component  variations. 

9.  The  net  restoring  torque  of  the  turbine  vas  computed. 

10.  The  effort  of  determining  and  documenting  the  interfaces 
betveen  major  components  vas  continued. 

11.  A  test-instrummtation  study  vas  made. 

12.  Cravings  of  the  internal  and  external  views  of  the  main 
engine  assembly  were  updated. 

13.  A  dravlng  vas  made  of  the  external  viev  of  the  engine 
assembly  shoving  the  interface  locations. 

lU,  Ilravings  vcre  prepared  shoving  external  and  internal  views 
of  the  overall  module  arrangement  and  the  test  arrangement. 
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XlVf  Propulsion  System  (cont.) 


C.  MDDULE  ASSEMBLY  (ADVAKCED  TPA  CONFIGURATION) 

(u)  The  design  pressure  schedule  was  required  as  shovn  in  Figure  XIV-1 
to  include  hydraulic  turbine  inlet  pressures. 

(u)  The  pressvure  drops  that  are  allocated  to  the  module  propellant 
and  gas  passages  vere  revised  slightly  and  are  presented  in  Figxtre  XIV-2. 

(u)  The  operating  point  of  the  engine  module  was  adjusted  to  include 
the  effects  of  propellant  density  variations  and  the  latest  adjustments  of  pump 
performance  and  passage  pressure  drops.  An  operating-point  summary  is  shovn  in 
Figure  XIV-3. 

(u)  Analysis  continued  on  modulo  operation  including  the  following: 

(1)  the  stea^-state  mathematical  model  was  updated,  (2)  a  design  review  and 
evaluation  study  was  made  on  the  flow  distribution  and  pressure  drops  in  the 
oxidlter  circuit,  (3)  a  Work  Statement  operating  envelope  was  defined  for  the 
module  and  its  major  coeiponents,  and  preliminary  module  component  operating 
limits  vere  specified,  (a)  influence  coefficients  vere  computed  to  determine 
engine  module  sensitivity  of  engine  operating  parameters  to  variations  in  com¬ 
ponent  perfozuance  and  variations  in  propellant  inlet  conditions,  (5)  a  tolerance 
study  was  initiated  to  detennine  the  effect  on  engine  performance  of  anticipated 
component  variations  and  to  further  define  engine  component  operating  limits, 
and  (6)  the  net  restoring  torque  of  the  turbine,  in  the  spectrum  of  the  engine 
module  steady-state  operating  region,  was  computed  and  found  to  be  satisfactory. 

(u)  The  detemination  of  interfaces  between  major  components  was 
continued.  Detailed  drawings  of  the  following  interfaces  vere  submitted  for 
engineering  approval: 


1.  Main  propellant  suction  lines  to  main  suction  valves. 

2.  Boost-pump  discharge  flanges  to  main  suction  lines. 

3.  Thrust  pad  and  handling  pads  on  engine  assembly. 

it.  Primary  combustor  fuel  valve  to  fuel  housing. 

3,  Secondary  combustor  fuel  valve  to  secondary  combustor 
injector. 

6.  Fuel  pusq^  outlet  to  fuel  coupling. 

7.  Fuel  covqtling  to  secondary  combustor  injector. 

(u)  Drawings  of  the  internal  and  external  views  of  the  main  engine 
.assembly  vere  updated  and  a  drawing  was  made  of  the  ccctemal  view  of  the  engine 
assembly  shoving  the  interface  locations  between  the  major  components  uid  the 
overall  dimensions  of  the  assembly.  This  external  view  is  shown  in  Figure  XlV-it. 
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XIV,  C,  Module  Assembly  (Advanced  TPA  Configuration) 


(u)  A  test  instrumentation  study  vas  m^uie  for  the  module  testing,  and 
a  preliminary  test-instrumentation  requirements  list  and  drawing  were  prepared 
showing  the  test-instrumentation  locations  and  types  required  for  the  engine 
module  test  program.  The  study  was  made  to  determine  component  design  requirements. 

(u)  The  overcdl  module  arrangement  with  the  engine  assembly  inter¬ 
connected  with  the  boost  pumps  and  propellant  lines  was  documented  with  internal 
and  external  view  drawings.  In  addition,  a  preliminary  drawing ‘was  made  of  the 
test  arrangement  including  the  interconnections  of  the  controls  with  the  test 
stand  as  well  as  purge  and  drain  provisions.  This  drawing,  which  also  shows 
the  overall  module  arrangement  as  well  as  the  test  arrangement,  is  presented  in 
Figure  XIV-5. 
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Thift  itrassure  schedule  is  h&sed  on  (l)  allocated  flov-paesa^t 
values  to  detersine  AP,  (2)  ainiauai  allocated  turbopuuip  efficiencies} 
and  (5)  tazfr*^  oodule  perforaanoe.  !Iheae  pressure  values  define  target 
operating  requirements  for  lhase-I  design  purposes}  and  will  remain  in 
effect  unless  an  increase  in  module  operating  pressures  beow&es  incompat¬ 
ible  vdth  existing  design  margins  of  safety. 


* 

Pressure}  psia 


Location 

Liquid 

Cxidiser 

Hot  Gas 

Liquid 

Fuel 

Boost  Pump  Inlet 

36.6  75 

19.5  75 

Boost  Pusp  Discharge 

310  340 

170  225 

Hain  Pump  Inlet 

255  295 

155  190 

Main  Pump  Discharge 

6025 

3750 

Boost  Pump  Turbine  Inlet 

5600 

3440 

2nd  Stage  TUel  Pump  Inlet 

3400 

2nd  Stage  Phel  Pump  Discharge 

5765 

Cooling  Jacket  Inlet 

5900 

• 

Film  Cooling  Manifold 

5900 

Cooling  Jacket  Sxit 

5125 

PC  Injector  Inlet 

5000 

5100 

PC  Injector  Vaoe 

4700 

Turbine  Inlet 

4575 

Turbine  Ebdt  (Blade)}  Static 

3050 

Turbine  Salt  (Blade)}  Total 

3100 

SC  Injector  Inlet 

5010 

3200 

SC  Injector  Pkoe 

2865 

SC  Chamber  (P^) 

2800 

*Total  pressure  unless  othervise  indicated 
**Correspands  to  miniriun  X)^  per  work  statement 
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ARBS  Module  Pressure  Schedule,  Advanced  Turbopump  Configuration  <u) 


Figure  XlV-1 
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Plow  Factor 

_ ap  X  3,G. 

Miiilmuffi  Allocated 


Oxid.  Suction  Line 

Oxid.  Suction  Valve 

Uxid.  Outer  Housing  Passa^ 

(Pump  to  Cooling  Jacket) 

Oxid.  Cooling  Jacket 
Oxid.  Inner  Housing  Passage 

(Cooling  Jacket  to  PC  Injector) 
Oxid  P.C.  Injector 
Oxid.  Pump  Oisch.  to  Hyd.  Turb.  Port 
Oxid.  Hyd.  Turb.  Line  &  Check  Valve 
Oxid.  Hyd.  Turb.  Orif.  (Nominal) 

Fuel  Suction  Line 
Fuel  Suction  Valve 
Fuel  S.C.  Valve  and  Passage 
(valve  I'ull  open) 

Fuel  S.C.  Manifold  and  Injector 
Fuel  Stage  2  Suction  Passage 
Fuel  P.C.  Valve  and  Passage 
(valve  wide  open) 

Fuel  P.C.  Line  to  Injector 

lUel  P.C.  Injector 

Fuel  Pump  Disch.  to  Hyd.  Turb.  Port 

rue'*  Uyd.  Turb.  Line  &  Check  Valve 

Fuel  Hyd.  Turb.  Orif.  (Nominal) 


P.C.  Injector  Face  to  Turbine  Inlet 
Turbine  Sxit  to  S.C.  Injector 
S.C.  Gas  Injector 
S.C.  Injector  Face  to. plenum 


rtoference  AP,  Plow  and 
Siiec.  Grav.  (used  to  os- 
tiiblish  min. allocated 


AP,  psi 

W, lb/ sec 

S.G. 

51.5 

291.8 

1.433 

1^0 

3.5 

291.8 

1.435 

18.6 

125 

248.2 

1.435 

6.9 

775 

217.2 

1.282 

17.2 

125 

217.2 

1.282 

10.9 

500 

213.3 

1.282 

2.50 

170 

59 

1.433 

2.30 

200 

39 

1.455 

4.39 

55 

39 

1.433 

20.6 

34.8 

115.2 

.9 

no 

1.2 

115.2 

.9 

7.01 

146 

80.3 

.9 

4.16 

415 

80.3 

.9 

- 

350 

25.8 

.9 

1.19 

271 

18.6 

.9 

2.77 

50 

18.6 

.9 

0.98 

400 

18.6 

.9 

1.54 

120 

16 

.9 

1.51 

125 

16 

.9 

2.09 

65 

16 

.9 

2.02** 

125 

231.9 

106* 

3.01** 

90 

259.6 

70. 7  „ 

2.60** 

125 

239.6 

68.2 

Ao  ■  ‘-0’ 

85 

- 

- 

#  ^aas  RTs  Lava.  aasT  w 

Spec.  gray,  of  gas  •  "/rv  '  “  ""  '  n'fOTR  °  '  passages,  Plow  FUctor  Kg  is  used 

*  instead  of  Ky,  where  effective  Kg  includes 

heat  addition  losses. 

NOTESi 

1.  dP,  How,  and  specific  gravity  values  are  for  reference  only.  For  latest  predicted  pressures 
and  flows,  see  ARBS  Module  Operating  Point. 

2.  Pressure  drop  alone  does  not  establish  a  firm  requirement  for  a  passage  since  pressure  will 
vary  with  minor  changes  in  flow,  and  to  a  lesser  degree  with  density.  Wherever  practical, 
the  K  flow  factor  should  be  used  in  plaoe  of  AP  as  design  criteria,  since  the  measured  K  of 
a  given  piece  of  hardware  will  not  change  with  operating  conditions. 
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Figure  XlV-2 

CONFIDENTIAL 


CONFIDENTIAL 

Report  10830-Q-4 


B&raaeter 

Symbol 

Dnits 

Value 

Module  Aaaeinibly 

Thruat 

F 

lb 

100,000 

Specif io  iDpulae  (Sea  Level) 

^a 

sec 

265 

Mixture  Ratio »  Module 

M.R. 

«» 

2.407 

Total  Weight  Flow 

T 

Ib/aeo 

350.9 

Oxidizer  Weight  Flow 

OS 

Ib/aeo 

247.9 

Fuel  Weight  Flow 

"fs 

lb/ sec 

105.0 

Oxidizer  Suction  Total  Freaaure 

^OSBP 

pa  la 

36.6 

Fuel  Suction  Total  Freaaure 

^FSBF 

paia 

19.5 

Oxidizer  Net  Foaitive  Suction  Head)  Mininum 

»^OSBP 

ft 

30 

Fuel  Net  Foaitive  Suction  Ready  Mininua 

npsHfsbp 

ft 

43 

Secondary  Combuator 

Chamber  Freaaure t  Flenum 

J^c 

paia 

2,800 

Mixture  Ratio »  Injector 

M.R.gc 

m 

2.20 

Oxidizer  Film  Cooling  Flow  (1) 

• 

V 

*OFC 

Ib/aec 

21.3 

Rrimary  Combuator  &  Turbine 

Mixture  Ratio 

M.R.pQ 

- 

11.56 

Turbine  Inlet  Total  Freaaure 

^TIT 

paia 

4€23 

Turbine  Inlet  Total  Temperature 

%T 

•F 

1215 

Shaft  Speed 

Kj 

rpm 

iK),058 

Main  I^impe 

Total  Biaohaxge  Freaaurey  Oxidizer 

paia 

6075 

Total  Dlaoharge  Freaaure «  Fuel  Firat  Stage 

^FEM-l 

paia 

3789 

Total  Discharge  Fressurey  Fuel  Second  Stage 

^F»I-2 

paia 

5879 

Boost  Ruaoa 

Total  Discharge  Pressure y  Oxidizer 

^ODBF 

paia 

312 

Total  Discharge  Pressure y  Fuel  ^FDBP 

Summary  of  ARES  Module  Operating  Point 

paia 

(u) 

179 
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Figure  XIV-3 
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Figure  XlV-5 
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Test  Installation  Interface  tu) 
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XV. 


ENGINE  AKALmCAL  MODELS 


A.  GENERAL 

(u)  The  engine  analytical  models  include  an  engine  module  steady-state 
model,  a  module  start  and  shutdovn  transient  model,  a  burnoff-seal-tester  start  and 
shutdown  transient  model,  and  a  low-freq.uency-8tablllty  model  of  the  engine  module. 
The  steady-state  model  is  cxirrently  operational.  The  engine  module  start-transient 
model  has  been  completed  and  checked-out  and  is  being  used  to  obtain  a  revised 
engine  start  and  shutdown  sequence.  The  burnoff-seal-tester  model  has  been  com¬ 
pleted,  checked-out,  and  used  to  obtain  a  tester  system  start  transient  Including 
manifold  fill  times.  The  results  are  being  used  in  planning  of  valve  sequencing 
and  intensifier  ramping  for  the  hot  tests.  The  bxtrnoff-seal  tester  shutdown 
transient  analysis  will  be  completed  in  Jitly.  Checkout  has  continued  on  the  low- 
frequency-stability  model.  The  transfer-function  program  was  completed  but  the 
technical  results  obtained  appear  to  be  in  error  and  further  effort  will  be 
required  to  ensure  cozurect  results. 

B.  START  AND  SHUTDOWN  TRANSIENTS 

(u)  Programing  and  checkout  of  the  combustion  chamber-turbopump  sub¬ 
routine  was  completed.  Preliminary  results  indicate  that  the  engine  would  operate 
at  mixture  ratios  (MR)  from  25  to  150  or  higher  during  the  low-speed  portion  of 
the  start  transient.  This  required  that  the  gas  properties  for  mixture  ratios  up 
to  150  be  detemined  on  a  basis  other  than  that  of  extrapolating  the  data  avail¬ 
able  at  a  mixture  ratio  of  25.  This  was  done  by  assuming  that  at  MR  «  25 
(partial  equilibrium),  the  entbali^  is  determined  by  reacting  2  lb  of  oxidizer 
and  1  lb  of  fuel,  and  by  diluting  this  mixture  with  another  23  lb  of  oxidizer. 

The  reduction  in  enthalpy  per  pound  of  mixture,  caused  by  the  addition  of  more 
oxidizer,  was  then  used  in  conjunction  with  a  temperature  entropy  diagram  with 
constant  enthalpy  lines  at  a  pressure  of  1^.7  psia  to  determine  the  temperatures 
for  the  higher  mixtzire  ratios.  The  gas  constant  at  high  mixture  ratios  was 
determined  by  using  the  specific  volume  read  from  a  P,  V,  T  diagram  at  ih.J  psia 
in  the  equation  of  state.  Further  analytical  investigation  and  test-data  veri¬ 
fication  will  be  initiated  if  the  engine  start  transient  continues  to  indicate 
this  requirement. 

(u)  The  results  of  the  start  transient  prior  to  ignition  show  that  the 
oxidizer  pump  and  the  second-stage  fuel  pump  operate  at  high  Q/N  values  where  the 
pump  acts  as  a  turbine  (i.e.,  positive  flow,  with  suction  pressure  higher  than 
discharge  pressure).  This  occurs  while  the  oxidizer  is  filling  the  manifold 
downstream  of  the  pump.  The  pump  head  and  torque  curves  were  rex'ised  to  have 
bead-torque  relationships  as  indicated  in  Figure  13.1  of  Centrifugal  and  Axial 
Flow  Punps,  by  A.  J.  Stephanoff,  New  York,  John  Wiley  &  Sons,  1957.  A  rerun  of 
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XV,  B,  Start  and  Shutdown  Transients  (cont.) 


the  transient  using  the  extended  pxsnp  curves  indicated  that  head  losses  through 
the  pumps  were  higher  than  on  previous  transients;  therefore,  the  oxidizer  mani¬ 
fold  filling  time  was  extended  from  1.2  to  about  2.6  sec  at  a  tank  pressure  of 
60  psia.  Further  references  are  being  sought  to  obtain  a  better  definition  of 
the  pump  performance  curve  at  high  Q/N  values.  It  is  interesting  to  note  that 
the  pumps  and  the  turbine  accelerate  to  600  rxot  due  to  torque  produced  by  the 
oxidizer  head  loss  during  manifold  filling. 

(u)  An  approach  to  obtaining  the  shutdown  transient  prior  to  obtaining 
the  startup  transient  was  initiated.  This  involved  minor  programing  changes  to 
the  main  subroutine  to  input  and  store  past  time  values.  An  approximation  to  the 
engine  steady-state  point  with  only  the  major  flow  rates  included  was  rim  on  the 
uteady-state  balance  program  and  the  results  were  then  input  into  the  transient 
program.  This  system  is  now  working,  and  a  steeuiy-state  point  has  been  achieved 
with  the  trcmsient  program.  Shutdown  transients  are  being  investigated.  This 
procedure  was  beneficial  because  it  revealed  programing  and  logic  errors  which 
otherwise  would  not  have  been  evident  until  the  start  transient  reached  steady 
state.  In  the  future,  this  procedure  will  be  adopted  as  a  standard  checkout 
technique. 

C.  BURNOPF  SEAL  TESTER  TRAHSIENT 

(u)  The  startup  sequence  of  the  combustion-seal  tester  has  been 
simulated  on  the  IBM  709^  digital  computer.  Pressures  and  flow  rates  in  the 
seal  as  well  as  seal  clearances  have  been  obtained  for  the  entire  start  transient 
from  initial  valve  opening  to  steady  state. 

(u)  Conditions  in  the  seal  were  calculated  by  using  steady-state 
equations.  Flows  in  the  propellant  lines  were  computed  by  means  of  the  water- 
hammer  equations.  The  combustion  process  in  the  preburner  and  in  the  turbopxmtp 
housing  was  simulated  with  the  instantaneous  mixing  model  described  in  previous 
reports.  Also  included  in  the  simulation  was  a  line-  and  manifold-filling  model. 

(u)  The  valves  were  sequenced  in  such  a  way  that  the  oxidizer  entered 
the  combustors  0.2  sec  earlier  than  the  fuel.  The  liquid  in  the  intensifiers  was 
kept  at  6o  psi  until  after  ignition.  Then  the  liquid  pressures  were  raised  to 
their  final  values  in  0.7  sec,  with  the  oxidizer  pressure  rise  initiated  0.0^ 
see  sooner  than  that  of  the  fuel.  This  sequence  of  operation  gave  a  satisfactory 
start  transient. 


Page  XV-2 

UNCLASSIFIED 


UNCUSSIFIED 

Report  10e30-Q-li 


XV,  Engine  Analyticed  Models  (cont.) 


D.  LOW-raEQUENCY-STABILITY  ANALYSIS 

(u)  Checkout  of  the  low-fi*equency  engine  module  model  was  continued. 
Several  .'ogic  and  programing  errors  have  been  corrected  in  the  program  for  matrix 
derivation  of  transfer  functions.  The  results  obtained  still  do  not  appear  techni¬ 
cally  correct,  and  the  model  equations  as  well  as  the  program  are  therefore  being 
rechecked. 


(u)  The  subroutine  for  calculating  and  plotting  the  frequency  response 
factions  (Bode  plots)  has  been  completed  and  is  operational  in  the  program  for 
matrix  derivation  of  transfer  functions.  Programing  the  real-time-response  sub¬ 
routine  and  plotter  was  completed.  The  subroutine  is  being  checked-out  separately 
prior  to  integration  in  the  main  program. 

(u)  The  checkout  of  the  system  equations  for  the  engine  model  is  being 
facilitated  by  use  of  an  existing  program  for  the  solution  of  large  systems  of 
simultaneous  linear  equations.  When  the  derivatives  are  set  to  zero  in  the 
module  differentiad  equations,  a  system  of  linear  algebraic  equations  results  that 
can  be  solved  for  the  steady-state  gains  or  influence  coefficients  of  the  engine. 
The  system  gains  obtained  by  this  approach  must  agree  with  the  gains  obtained  by 
the  transfer- function  program,  thereby  providing  a  cross-check  on  the  results. 

(u)  In  summary,  the  system  equations  for  the  low-frequency  model  are 
complete,  the  program  for  matrix  derivation  of  transfer  functions  is  ccnplete,  the 
frequency  response  subroutine  is  complete,  and  the  transient  response  subroutine 
is  programed  and  being  checked  out.  Preliminary  results  indicate  some  technical 
problems  either  as  a  resxilt  of  errors  in  the  system  equations  or  errors  in  the 
transfer-function  program.  Present  efforts  are  being  directed  toward  isolating 
and  correcting  these  errors. 
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XVI. 


NOZZLE  AERODYNAMICS 


A.  SUMMARY 

(u)  All  experinentftl  cold-flow  testing  in  the  suhsc&le  nozzle  program 
was  ccmpleted  hy  the  subcontractor  (FlulPyne  Engineering  Corporation)  on  12  May  1966. 
These  data  have  been  prepared  for  presentation  and  inspection  in  the  order  in  which 
the  program  objectives  are  enumerated  in  the  Program  Plan*.  Discussion  has  been 
limited  to  comments  of  a  qualitative  nature  because  the  data  are  not  final.  The 
FluiDyne  final  report  is  expected  to  be  released  in  August.  Preliminary  results, 
in  general,  were  as  predicted  with  the  exception  of  those  from  the  ARES  prototype 
model  where  sea- level  perfomance  was  considerably  lower  than  anticipated. 

(u)  Warm-flow  testing  in  the  subscale  nozzle  program  was  completed 
on  10  June  1966.  Reduced  data  are  ocpected  to  be  available  by  1^  July  1966,  and 
their  analysis  will  begin  immediately  thereafter. 

B.  JOLD-FLOW  PROGRAM 

1.  ARES  Prototype  Model  Performance 

(u)  Results  from  experimental  testing  of  Cold- Plow  Model  2,  the 
ARES  prototype  perforaance-simulation  model,  are  presented  in  Figure  XVI-1.  These 
results  include  data  obtained  both  with  and  without  ambient  base  bleed  as  well  as 
predicted  performance  data  based  upon  results  from  previous  cold- flow  programs.** 
Three  features  are  immediately  apparent  upon  inspection  of  this  graph.  First,  ambient 
bleed  increases  sea-level  perfomance  about  2-l/2)(— an  amount  that  appears  consistent 
with  the  bleed-passage  area  ratios  and  performance  improvements  of  previoun  programs 
(see  Report  AFRPL-TR-65-150) .  Second,  the  performance  differential  extends  well 
beyond  design  conditions,  a  fact  also  reflected  in  former  programs.  And  third,  the 
difference  between  predicted  and  actual  resxilts,  especially  at  sea  level,  is  substan¬ 
tial,  amounting  to  about  No  explanation  can  be  advanced  for  this  deviation  and 
none  will  be  sought  until  the  final  data  have  been  received;  however,  even  these  data 
are  not  expected  to  radically  alter  the  results.  Thus,  the  error  is  undoubtedly  in 
the  prediction  procedure,  and  a  review  of  the  technique  outlined  in  Report  AFRPL-TR- 
66-82***  is  indicated. 


*  ARES  Program  Plan.  Revision  I  (u).  Aerojet-General  Corporation  Report  10830-PP, 
February  196^  (Confidential). 

•*  Integrated  Components  Program  —  Phase  1.  Final  Report  (u).  Technical  Report 
RPL-roR-64-99,  prepiu’ed  by  Aerojet-General  Corporation  for  the  United  States 
Air  Force,  20  Janiuury  196^  (Confidential)  and.  Integrated  Components  Program, 
Final  Report.  Technical  Report  AFHPL-TR-65-150,  prepared  by  Aerojet-General 
Corporation  for  the  United  States  Air  Force,  September  196$  (Confidential). 

***  Advanced  Rocket  Engine— Storable  (u).  Quarterly  Technical  Report  AFRPL-TR-66-82 , 
prepared  by  Aerojet-General  Corporation  for  the  United  States  Air  Force, 

April  1966  (Confidential). 
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XVI,  B,  Cold-Flow  Program  (cont.) 


2.  Proepectlve  NoKtlea  for  ARES  Application 

(u)  Two  types  of  external  expansion  notzles,  i.e.,  plug  and  forced- 
deflection  nozzles,  are  being  considered  for  ARP^  application.  VitMn  this  broad, 
classification,  both  contoured-vedge  and  DeLaval  internal-expansion  sections  (lES) 
nay  be  used.  Therefore,  possible  prototype  nozzles  in  each  of  these  configurations 
were  designed,  and  cold-flow  performance-slnulation  models  were  built  for  three:  a 
DeLaval  ZES  forced-deflection  configuration,  a  contoured-vedge  IFS  forced-deflection 
configuration,  and  a  contoured-vedge  lES  plug-nozzle  nodel.  Results  frois  experimental 
testing  of  these  models  are  presented  in  Figure  XVl-2.  The  chosen  ARES  prototype 
nozzle,  a  DeLaval  lES  forced- deflection  configuration,  exhibits  the  best  design 
performance,  Vhereas  the  contoured-vedge  plug  nozzle,  vith  13^  of  Isentropie  length, 
out  performs  the  others  at  sea  level  (no  base  bleed).  The  lover  design  performance 
of  the  contoured-vedge  forced-deflection  nozzle  is  probably  caused  by  the  greater 
base  area  required  to  fit  this  nozzle  into  the  available  envelope. 

3.  IRS  Area-Ratio  Variation 


(u)  The  postulation,  for  plug  nozzles,  that  the  aerodynamlcally 
optimum  lES  area  ratio  will  result  in  maximum  performance  at  the  particular  pressure 
ratio  under  consideration  led  to  an  investigation  of  similar  effects  in  forced- 
deflection  nozzles.  Cold-Flov  Model  3  was  designed  vith  a  sea-level  optimum  area 
ratio  (9.7) •  and  its  performance  is  compared  vith  that  of  the  ARES  prototype  model 
in  Figure  XVZ-3.  Sra-level  performance  of  Model  3  is  indeed  higher,  although  the 
exact  source  of  this  improvement  cannot  be  derived  from  the  graph.  However,  design 
performance  was  degraded  by  an  almost  equal  amount,  and  further  analysis  is  required 
before  a  definite  statment  can  be  made  as  to  Aether  these  effects  have  been  caused 
by  IRS  area-ratio  variation  or  by  related  side  effects. 

L.  Skirt  Contour  Variations 


a.  Module-to-Sklrt  Merging  Study 

(u)  Difficulty  in  matching  aerodynanically  designed  forced- 
deflection  nozzle  skirts  to  DeLaval  internal-expansion  sections  necessitated  a  review 
of  techniques  for  merging  or  Joining  these  two  nozzle  components.  In  particular  a 
sharp  or  abrupt  compression  comer  at  the  lES  exit  into  the  skirt  would  be  convenient 
from  a  fabrication  viewpoint.  Testing  of  two  models  having  a  smooth  and  an  abrupt 
Jwcture,  respectively,  shows  that  this  proposed  solution  to  the  problem  will  resvdt 
in  no  measurable  performance  degradation  (Figure  XVI-i»). 
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XVI,  Cold-Flow  Program  (cont.) 


b.  Shorteced-Skirt  Study 

(u)  Among  the  techniques  considered  for  improving  paylosd 
performance  is  that  of  reducing  nossle  weight  without  proportionately  reducing 
perfonitance.  Since  the  skirt  contour  of  a  forced-deflection  noszle  with  DeLaval  lES 
usually  is  very  approximate*  aerodynamieally  speaking,  an  arbitrary  decrease  in  skirt 
length  and  weight  may  not  seriously  affect  noszle  performance.  The  skirt  of  Model  2b, 
therefore,  was  arbitrarily  shortened  about  l8]i,  equivalent  to  a  theoretical  1](  reduction 
in  design  performance,  and  the  results  of  its  testing  were  compared  to  that  of  Model  2a 
(Figure  XVI-U).  Inspection  of  this  graph  reveals  that  sea-level  performance  is 
unaffected  by  the  change  in  skirt  length,  reflecting  the  significance  of  IDS  area 
ratio  on  this  performance  parameter.  However,  design  performance  did  indeed  drop, 
but  not  in  the  amount  predicted,  indicating  that  the  nozzle  skirt  could  probably  be 
shortened  by  almost  2^  before  design  performance  would  suffer  as  much  as  a  1](  decline. 

$.  Cant-Angle  Study 

(u)  Mention  was  made,  in  the  preceeding  section,  of  the  approxima¬ 
tion  in  forced-deflection  nossle-skirt  design  when  DeLavel  XE8  are  employed.  A 
further  area  of  uncertainty  surrounds  the  selection  of  module  cant-angle,  a  parameter 
clearly  defined  only  when  expansion  is  purely  external  and  the  throat  is  annular.  It 
is  current  practice  to  set  this  angle  at  the  Prandtl-Meyer  turning  angle  for  the 
equivalent  annular  lES  area  ratio,  that  is. 


Cold-Plow  Model  2a  was  designed  in  this  manner,  but  in  Models  2c  and  2d  the  cant 
angle  was  arbitrarily  reduced  and  increased  five  degrees,  respectively.  Results 
(Figure  XVI-9)  indicate  that  performance  might  be  improved  slightly  if  the  cant 
angle  were  reduced,  but  that  performance  is  definitely  impared  if  the  laodule  cant 
angle  is  increased.  These  results  were  expected  and  tend  to  verify  the  predictions 
made  by  Dr.  G.V.R.  Rao  in  a  review  of  the  program  plan.  (Dr.  Rao  is  a  consultant 
to  the  Aerojet-Qeneral  Corporation.) 

6.  Forced  Base  Bleed 

(u)  Review  of  ambient  base-bleed  data  from  previous  programs  indicates 
that  the  model  bleed  flow  passages  have  been  choked  at  the  lover  pressure  ratios, 
usually  up  to  those  around  300,  above  the  point  of  minimum  P^/^a*  indicates 

that  the  secondary  weight-flow  ratio,  in  these  instances,  varies  downward  from  a 
maximvn  at  sea  level  to  about  3  or  at  a  pressure  ratio  of  230,  depending  upon 
bleed-passage  size.  An  attmapt  to  simulate  flight  total  pressures  along  a  typical 
trajectory,  for  the  forced  bleed  portion  of  this  program,  did  not  significantly 
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XVI,  B,  Cold- Flow  Program  (cont,) 


increase  these  bleed  flow  ratios  since  vehicle  velocities  were  relatively  low  and 
total  pressure  losses,  if  any,  were  small.  Thus,  secondary  weight-flow  ratios  of  1, 
3,  and  were  selected,  regardless  of  the  bleed-flow  total  pressure,  to  bracket 
available  ambient  base-bleed  data.  Results  were  not  expected  to  vary  greatly  from 
those  experienced  with  ambient  bleed,  as  confirmed  by  Figure  XVI-6.  As  expected, 
performance  improvement  at  a  pressure  ratio  of  1000  is  lower  than  at  250,  and 
further  analysis  of  the  similarity  of  the  data  at  the  bleed  flow  ratio  will 
probably  confirm  that  the  wake  was  closed  at  both  pressure  ratios. 

7.  Module  Failure 


(u)  Previous  module  failure  testing  (Figure  IV-37,  Report  AJPPL-TR- 
65-150)  has  fairly  well  established  the  performance  of  an  eight-module  forced- 
deflection  nossle  when  one  or  two  modxiles  fall.  By  increasing  the  number  of  modules 
from  8  to  20,  the  effect  of  module  failxire  should  be  minimized,  even  when  the 
modules  are  adjacent.  Figure  XVI-7  verifies  this;  in  fact,  sea-level  performance 
(thrust  efficiency)  degradation  is  now  only  about  instead  of  more  than  encoun¬ 
tered  with  an  eight««odule  configuration.  Design  performance  losses  are  also  smaller, 
reflecting  the  smaller  increase  in  overall  area  ratio  when  only  1  or  2  of  20  modules 
fail.  At  the  same  time,  thrust-vector  mlsaligment  remained  under  one  degree 
(Figure  XVI-8)— a  standard  established  during  previous  testing  (Figure  IV-38, 

Report  AFRPL-TR-65-150). 

8.  Engine  Throttling 

(u)  Engine  throttling  by  module  shutdown  was  shown  to  be  an 
efficient  method  of  thrust-level  control  during  previous  testing  (Figure  IV-39, 

Report  AFRPL-TR-65-I5O)  in  that  the  vacuum  thrust  coefficient  was  rblatively  un¬ 
affected  by  throttling,  at  least  to  a  throttle  ratio  of  0.5.  Extension  of  these 
results,  dwing  this  program,  to  a  throttle  ratio  of  0.8  indicates  that  the  previous 
conclusions  are  still  valid,  that  is-,  the  vacuum  thrust  coefficient  is  not  signifi¬ 
cantly  altered  when  as  many  as  I6  of  20  modules  are  shut  down  (see  Figure  XVI -9 )• 

C.  WARM-FLOW  PROGRAM 

(u)  The  warm- flow  part  of  the  subscale  nossle  program  was  completed  on 
10  Jvne  1966,  with  the  two-dimensional  visual  portion  finished  earlier,  on  21  May. 
Shadowgraphs  and  Schlieren  photographs  of  the  flow  are  available,  but  no  quantitative 
data  have  yet  been  received,  primarily  because  the  volume  of  data  and  the  extensive 
reduction  procedure  required  more  time  to  present  them  in  usable  form.  Reduced  data 
are  expected  to  be  available  about  15  July  1966. 
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AIR.FLOW  MODEL  TESTING 


A.  GElfERAL 

(u)  A  liaplifled  cold  flow  inodel  of  the  primary  coohustor  was 
constructed  and  tested  to  obtain  (qualitative  data  for  the  effects  on  flow  dis¬ 
tribution  of  turbulators  and  large-radius  centerbodies .  'niese  tests  revealed  a 
significant  jffect  of  turbulator  positioning  and  also  shoved  that  large-radius 
centerbodies  are  effective  in  eliminating  flow  separation  at  the  turbine  nossle 
inlet . 


(u)  Testing  at  the  Monterey  Naval  Postgraduate  School  of  the  turbine 
inlet  passage  model  vas  completed,  and  the  final  report  is  being  prepared.  Fab¬ 
rication  of  the  liquid-oxidlxer-passage  models  %ras  completed  and  testing  has 
begun.  Preliminary  data  for  the  oxidiser-passage  model  are  included  in  this 
report.  Installation  of  the  oxldlter  return  passage  vas  started  and  testing  vlll 
begin  in  July.  Fabrication  of  the  turbine  exhaust  model  vas  completed,  and  fab¬ 
rication  of  the  Mod«I  and  Mod-Il  ABES  turbine  models  is  on  schedule. 

6.  PRIMARY  COMBUSTOR  STUDIES 

(u)  Previous  studies  of  the  primary  combustor  flov  field  indicated 
the  presence  of  an  adverse  pressure  gradient  in  the  direction  of  flov  along  the 
inner  vail  (see  Report  TR-6S-l69)<  These  results  vere  obtained  using  a  conducting 
graphite  paper  to  construct  an  electrical  analog  of  the  flov  field.  The  assump¬ 
tions  of  potential  flov  and  no  flov  ^separation  are  inherent  in  the  analogy.  How¬ 
ever ,  the  presence  of  an  adverse  pressure  gradient  is  indicative  of  the  possible 
existence  of  a  region  of  flov  separation. 

(u)  The  initial  results  have  been  extended  to  include  tvo  large-radius 
centerbody  configurations.  The  tvo  large-radius  centerbodies,  in  addition  to  the 
basic  configuration,  are  illustrated  in  Figure  XVIII-1.  The  potential  flov 
dynamic  pressure  profiles  obtained  for  both  the  inner  and  outer  vails  of  the  pri¬ 
mary  eoaibxtstor  are  shovn  in  Figure  XVII-2.  In  a  potential  flov  field,  the  total 
pressure  of  the  flov  is  a  constant  and  the  static  pressure  at  any  point  in  the 
flov  field  is  the  total  pressure  minus  the  d^amic  pressure.  Therefore,  a  higher 
dynamie  pressure  corresponds  to  lover  static  pressure.  The  peak  dynamic  pressure 
which  occurs  at  the  tip  of  the  inner  vail  corresponds  to  the  minimum  static  pres¬ 
sure  and,  as  the  flov  continues  around  the  180^  bend,  the  dynamic  pressure 
decreases,  resulting  in  an  4Mlverse  pressure  gradient.  The  large-radius  center- 
bodies  are  effective  in  reducing  the  adverse  pressure  gradient  and,  hence,  the 
probability  of  flov  separations  and  flow  distortions. 

(u)  A  simple  air-flov  model  was  constructed  to  check  the  potential 
flow  results  and  to  further  investigate  the  flow-field  effects  ^en  turb\U.ence- 
producing  devices  (turbulators)  are  placed  in  the  primary  combustor.  The  model 
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XVII,  B,  Primury  Combuctor  Studies  (cont.) 

VM  e  full-scale  ten-degree  vedge  section  of  the  primary  combustor.  The  ten- 
degree  vedge  vas  selected  to  provide  a  nearly  tvo-dimensional  configuration, 
which  facilitated  visual  flow  studies  and  yet  provided  a  flow  field  of  sufficient 
thickness  not  to  be  significantly  distorted  by  the  viscous  effects  from  the 
bounding  radial  plates.  The  model  vas  constructed  of  wood  with  a  resiovable  5/8-*^ 
in. -thick  lueite  window  as  one  radial  plate.  The  other  radial  plate  vas  lacquered 
white  to  provide  a  contrasting  background.  The  Hash  number  of  flow  vas  regulated 
by  a  sonic  notsle  discharging  to  atmosphere.  The  model  was  tested  at  30  psia 
with  msbient-temperature  ^r. 

(u)  Lsmp-black  and  oil-streak  photography  vas  used  for  flow  visuali¬ 
sation.  This  technique  consists  of  spraying  fine  droplets  of  an  oil-and-lamp- 
black  mixture  unifomly  over  the  white  radial  plate.  The  model,  with  the  streak 
plate  horizontal,  is  then  flowed  with  air.  The  resulting  oil  and  lamp-black 
streaks  are  recorded  photographically.  The  streaks  are  not  a  ’’picture"  of  the 
main  flow  straemlines,  but  are  a  "picture"  of  the  flow  streamlines  in  the  bound¬ 
ary  layer  on  the  radial  plate.  The  boundary  layer  streamlines  are  distorted  from 
those  in  the  main  stresm  due  to  viscous  effects.  The  boundary  layer  flow  loses  a 
large  portion  of  its  momentum  to  the  plate  thro\sgh  friction  and,  therefore,  has  a 
greater  tendency  to  flow  in  the  direction  of  maximum  pressure  gradient.  Although 
the  streak  technique  cannot  be  used  to  indicate  the  exact  flow  streamlines  (except 
in  the  case  of  one-dimensional  flow  with  favorable  pressure  gradient),  the  streak 
plates  can  be  used  to  identify  gross  flow  distortions,  regions  of  flow  separation, 
regions  of  adverse  pressure  gradient,  and  relative  flow  velocities. 

(u)  The  basic  model  vas  constructed  in  the  configuration  of  the  pri¬ 
mary  combustor,  and  modeling  clay  vas  used  to  simulate  large-radius  centerbodies 
and  turbulators.  Figure  XVII-3  shows  the  resulting  streak  photographs  obtained  for 
three  large-radius  centerbodies.  The  basic  primary  combustor  streak  plate  is  shown 
in  Figure  XVII-U.  The  first  two  large-radius  centerbodies,  shown  in  Figure  XVII-3, 
are  similar  to  those  assumed  in  the  electrical  analog  work.  The  third  centerbody 
is  similar  to  that  tested  at  the  Hoc  .erey  Naval  Postgraduate  School  and  vas 
tested  at  Sacramento  for  comparison  of  results.  The  streak  plate  of  the  basic 
primary  combustor.  Figure  XVIl-U,  shows  the  high  velocities  present  at  the  tip  of 
the  centerbody  and  the  region  of  flow  separation  Just  downstream  of  the  turn.  The 
streaks  are  at  a  large  angle  to  the  outer  wall  after  the  turn,  and  it  must  be 
remembered  that  this  is  not  the  true  flow  direction.  The  angularity  of  the 
streaks  is  due  to  the  lasge  pressure  difference  radially  from  the  outer  to  the 
inner  wall.  Tufts  have  been  used  to  confirm  that  the  true  flow  direction  is  vexy 
nearly  parallel  to  the  outer  wall  at  this  point.  The  streak  plates  for  the  large- 
radius  centerbodies,  and  L.,  clearly  show  some  improvement  i  the  flow,  i.e., 
elimination  of  the  regions  of^flov  separation  and  less  distortion  of  streaks  due 
to  pressure  difference  across  the  channel.  ^  third  centerbody,  eliminates 
the  regi^  of  flow  separation  but  clearly  produces  higher  velocities  than  neces¬ 
sary  at  the  minimum  cross-section  of  the  flow  which  would  result  in  increased  total 
pressure  losses. 
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XVII,  B,  Priaery  Combustor  Studies  (cont.) 

(u)  Figure  XVII-U  show  the  results  of  an  Investigation  conducted  to 
determine  the  effect  of  turbulator  positioning,  in  addition  to  the  basic  primary 
combustor  flow  effects.  It  is  interesting  to  note  that  the  B-configuration 
produces  a  flow  field  similar  to  that  obtained  with  a  large-radius  centerbody. 

The  region  of  flow  separation  does  not  exist  and  the  streaks  are  very  nearly 
parallel  to  the  channel  walls  at  the  turbine  inlet.  The  B-conflguration  produces 
esctensive  regions  of  flow  separation  with  attendant  high  velocities.  The 
C-configuration  would  produce  the  most  violent  tui'bulence,  as  expected. 

(u)  Figure  XVZZ-S  shows  the  retest  results  of  the  final  turbulator 
design.  In  addition,  each  turbulator  was  tested  separately  to  simulate  the  effect 
of  staggered  blades,  which  more  nearly  corresponds  to  the  actual  design.  The 
individual  blade  testa  show  mixed  results  with  respect  to  effect  on  flow  around 
the  IdO-degree  bend.  It  is  clearly  evident  that  significant  flows  in  the  circum¬ 
ferential  direction  would  be  present  in  the  actual  combustor. 

C.  FLUID  DYNAMIC  TESTING  (TPA) 


(u)  Model  testa  with  air  were  completed  on  the  turbine  inlet  passage. 
Testing  was  conducted  on  a  full-scale  model  installed  as  shown  in  Figure  XVII-6. 
The  Plexiglas  teat  section  can  be  seen  on  the  right  side  of  the  model  with 
traversing  Pitot  probes  installed  in  three  locations. 

(u)  The  initial  design  tested,  as  specified  by  turbopump  and  primary 
combustor  drawings,  produced  severe  flow  separations  ahead  of  the  turbine  nostles. 
Flow  separation  proved  to  be  independent  of  the  centerbody  position  or  of  the 
relative  distance  between  the  outer  contour  of  the  primary  combustor  passage  and 
the  centerbody. 


(u)  On  the  basis  of  flow  visualisation  studies,  an  improved  center- 
body  was  design  and  tested.  The  resulting  flow  channel  can  deflect  the  flow  from 
the  primary  injector  to  the  turbine  inlet  by  l80^  without  flow  separation  and 
gives  nearly  uniform  turbine  inlet  conditions. 

(u)  The  loss  in  total  pressure  (^P^)  of  the  modified  passage  is 

expressed  by 


where :  w 


w  ■  Flow  rate,  Ibm/sec 
P  »  Total  inlet  pressure,  psia 

*0 

T  ■  Total  inlet  temperature,  ®R 

R®  ■  Osi  constant ,  ft-lb/lbm-®R 

g  »  32.2  ft/ 99^ 


f¥ 
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XVII,  C,  Fluid  Dynanic  Test  (TPA)  (cont.) 

(u)  A  perforated  plate,  slsulatlng  the  primary  injector,  did  not 
affect  the  flow  conditions  ahead  of  the  turbine  nostlcs. 

(u)  Fabrication  of  all  the  components  for  the  liquid-oxidizer  passage 
models  was  completed.  The  Oxidizer  Discharge  Passage  Model  (a)  is  shown  disas¬ 
sembled  in  Figure  XVII-7,  prior  to  installation  of  the  guide  vanes.  The  Oxidizer 
Return  Passage  Model  (b)  is  shown  disassembled  in  Figxire  XVII-7,  also  prior  to 
installation  of  the  guide  vanes. 

(u)  Preliminary  testing  of  Model  (a)  was  completed  and  data  were 
provided  on  the  passage  pressure  drops  and  outlet  flow  distribution  to  the  thrust- 
chamber  cooling  tubes.  Topical  flow-distribution  results  are  shown  in  Figure 
XVII-8  as  a  function  of  the  52  holes  which  simulate  the  cooling-tube  entrance. 

(u)  Installation  of  the  Oxidizer  Return  Passage  Model  (b)  was  started, 
and  testing  will  be  conducted  during  the  next  reporting  period.  Following  these 
tests,  the  two  models  will  be  assembled  and  the  complete  liquid-oxidizer  circuit 
tested.  These  tests  will  provide -the  primary  injector  outlet  as  well  as  measure¬ 
ments  of  the  flow  distribution  in  the  thrust-chamber  cooling  tubes  and  from  the 
primary  injector. 

(u)  Fabrication  of  the  Turbine  Exhaust  Passage  Model  (!)  was  com¬ 
pleted.  Testing  of  this  model  will  be  conducted  following  preliminary  testing  of 
the  liquid  oxidizer  passage  models  now  in  process. 

(u)  Fabrication  of  all  components  for  MOd-I  and  Mod-II  ARES  turbines 
is  proceeding  on  schedule. 

(u)  Design  of  the  Pump  Inlet  Housing  Model  (l)  for  the  back-up  TPA 
was  delayed  by  fabrication  and  testing  priorities  on  the  other  models. 
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streak  Plate  Results  lor  Various  Turbulator  Positions 
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Turbine  iniet  Passage  Model  (L)  Installation 
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OXlOtZER  DISCHARGE  PASSAGE  MODEL  («)  WITHOUT  VANES-  EXPLOOEO  VIEW 


OXIDIZER  RETURN  PASSAGE  MODEL  (b)  WITHOUT  VANES  -  EXPLODED  VIEW 


Oxidizer  Passage  Models 
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Flow  Distribuiicn  P*ra«eter — Oxidizer  Di'scharge  Passage 
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XVIII. 

HEAT-TRANSFER  ANALYSTS 


A.  OraF-RAL 

(u)  The  objectives  of  the  heat-transfer  effort  are  to  provide  the 
necessary  analysis  for  the  design  of  both  the  reneneratively  and  the  transpiration- 
cooled  thrust  chambers  and  other  engine  components,  including;  analyses  of  test  datu 
to  aid  in  the  design  of  such  chambers.  The  develor-nent  of  a  satisfactory  thernal 
barrier,  optimization  of  filn-coolinr  for  the  ARES  environnent ,  and  special 
thermal  analysis  to  support  component  desirns  are  also  part  of  this  effort . 

(u)  The  accomplishments  of  the  heat -transfer  effort  durir.f  f:  Is 
reporting  period  are  itemized  below. 

1.  Two  additions  have  been  made  to  the  "Regeneratively  and 
Film  Cooled  Thrust  Chamber”  computer  program:  (a)  the  capability  of  analyzing 
pressure  drop  in  tubes  of  various  absolute  roughnesses  and  (b)  the  capability  of 
evaluating  the  effect  of  film  cooling  carryover  in  two- point  injection  char.bers>. 

2.  The  utilization  of  capillary  tubes  in  the  rogeneratively 
cooled  chamber  has  been  re-evaluated  to  consider  the  effect  of  heat  addition  and 
the  true  absolute  roughness. 

3.  A  series  of  heated  tube  tests  to  determine  the  burnout -heat- 
flux  characteristics  of  high-pressure  (up  to  6000  psia)  NpOj^  in  small  tuber- 
(0.019  in.  id)  has  been  ccwipleted. 

J*.  The  analytical  effort  pertaining,  to  the  design  and  first 
test  of  the  transpiration-cooled  chamber  and  her  bee:,  completed. 

5.  The  second  phase  of  the  thermal-barrier  investigation  including 
experimental  evaluation  of  braze  bonding,  techniques  of  plasma-process  improvement, 
and  sprayed  Hastelloy-X  has  been  completed. 

6,  Support  of  the  component  design  efforts  continued,  including 
heat-transfer  analysis  of  the  advanced  TPA  housing  and  stator  and  hydraulic  analysis 
of  the  primary  combustor  fuel  circuit. 

B.  ARES  'THRUST  CHA.MBERS 

!•  Regeneratlvely  Cooled  Chambers 

a.  Co.mputer  Program  Modification 

(u)  Two  modifications  have  been  incorporated  in  the 
"Regeneratively  and  Film  Cooled  Thrust  Chamber"  computer  program.  The  first  modifi¬ 
cation  waa  made  to  facilitate  the  evaluation  of  multiple-point  film-coolant  injection 
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XVIII,  B,  ARES  Thrust  Chamber  (corit.) 


by  providing  a  means  of  approximating  the  coolant  csurryover  effect  downstream  of 
the  second  film-coolant  injection  port.  It  is  anticipated  that  this  could  be 
accomplished  in  a  two-step  procedure.  Initially,  only  the  first  injection  point 
would  be  considered  to  establish  the  temperature  of  the  N2O4  film,  which,  subsequently, 
heats  the  coolant  injected  from  the  second  injection  point.  These  temperatures  would 
then  be  input  in  a  second  computer  run  as  the  mainstream  gas  temperatures.  The  heat- 
transfer  coefficient  at  the  interface  between  the  two  N2O11  streams  would  be  calcu¬ 
lated  internally  using  the  Colburn  equation: 


where : 


h  *  Heat-transfer  coefficient  between  NgO),  layers 


K  =  Conductivity  of  NgOi,  at  average  temperature  of  layers 


D  «  Chamber  diameter 


Re  *  Reynolds  Number  of  NgOi^  from  first  injection  point 

Pr  =  Prandtl  Number  of  Kg^l*  first  injection  point 

This  modification  to  the  program  necessitated  the  inclusion  of  the  following 
options : 

(1)  Inputing  the  mainstream  temperature  at  each  station 
or  calculating  a  recovery  temperature  based  on  the 
gas  stagnation  temperature  and  local  velocity. 

(2)  Calculating  the  gas-side  heat-transfer  coefficient 
for  a  film-cooled  case  based  on  N2^^  properties 

or  mainstream  gas  proper^  ies. 


The  above  modification  to  the  computer  program  is  currently  being  checked  out  to 
determine  the  best  means  of  utilizing  this  capability. 

(u)  The  second  modification  to  the  computer  program  consists 
of  a  refinement  to  the  method  of  calculating  the  pressure  drop  due  to  friction  in 
the  coolant  tubes.  Previously,  the  pressure  drop  in  the  tubes  was  calculate^’ 
based  on  a  constant  relative  roughness  (c/D)  in  the  tubes  of  0.00001.  With  the 
modification,  the  absolute  roughness  (c)  is  input  and  held  constant  throughout 
the  tubes.  The  relative  roughness  is  calculated  for  each  tube-length  increment 
based  on  the  local  tube  hydraulic  diameter.  The  corresponding  friction  factor,  /  , 
Is  then  calculated  based  on  the  eupirical  relation: 
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XVIII,  B,  ARES  Thrust  Chambers  (cont.) 

;  »  0.0055  [1  +  (2  X  10**  e/D  +  lO^/Re)^^^] 

where : 

/  a  Friction  factor 

e  «  /bsolute  roughness  of  tube 

D  *  Hydraulic  diameter  of  tube 

Re  »  Reynolds  Nxiraber 

The  above  equation  is  an  algebraic  representation  of  the  Moody  diagram.* 

(u)  The  equation  for  pressure  drop  between  stations  remains 

unchanged : 


A  P 


/P  A  L  V 


where : 


AP  «  Pressure  drop  between  stations 

f  »  Friction  factor 

AL  «  Distance  between  stations 

V  «  Velocity  mid-way  between  stations 

D  ■  Hydratilic  diameter  mid-way  between  stations 

p  ■  Fluid  density  mid -way  between  stations 

g  ■  Gravitations  constant 

b.  Capillary  Tube  Studies 

(u)  The  absolute  roughness  of  two  modified  ICP  capillary 
tubes  was  investigated  experimentally.  The  tubes  (PN  1129150-5  and  -7)  had  uniform 
inside  diameters  of  O.OUU  and  0,055  in.,  respectively.  Each  had  a  uniform  wall 
thickness  of  0.00*»  in.  and  a  length  of  9  in.  These  tubes  were  flow-tested  with 
water  in  the  hydraulics  laboratory. 


*  L.  F.  Moody,  '^Friction  Factors  for  Pipe  Flow,"  Trans.  ASME.  November,  19J*^, 
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XVIII,  B,  ARES  Thrust  Chambers  (cont.) 

(u)  The  flov-test  data  consisted  of  inlet  and  outlet  pressures 
and  flow  rates  for  tvo  test  conditions:  (l)  a  constant  inlet  pressure  of  2800  psia 
with  varying  back  pressure  (J*00  to  2300  psia);  and  (2)  varying  inlet  pressure 
(2C00  to  2600  psia)  with  a  constant  back  pressure  of  300  psia.  These  data  were 
used  to  evaluate  the  friction  factors  and  corresponding  absolute  roughnesses  for 
the.  two  tubes . 


(u)  The  evaluation  revealed  absolute  roughness  values  of 
about  90u  for  the  O.OUli-in.-dia  tube  and  of  200  to  SOOp  for  the  0,055-in. -dia  tube. 
These  values  correspond  to  a  friction-factor  variation  of  about  0.023  to  0.032  in 
the  present  capillary  tube  design.  Utilizing. the  new  computer -program  capability 
described  above,  the  results  of  the  capillary  tube  study  presented  in  Report 
TR-66-82  (third  quarterly  report)  were  reviewed.  The  increased  pressure  drop 
which  could  be  anticipated  in  the  selected  0.0U5-in.-ID  capillary  tubes  indicated 
that  a  larger  tube  might  be  a  better  selection.  As  a  result,  a  0.055"in.-ID  tube 
with  a  nozzle  exit  diameter  of  0.035  in.  was  evaluated  for  use  in  the  first  capillary 
tube  chamber  (SN  3).  Enough  tubes  of  this  configuration  for  one  chamber  are  available 
from  the  ICP  program.  This  larger  tube  satisfies  the  criteria  established  earlier 
for  the  0.0U5-ln.-ID  tube,  i.e.,  a  capability  range  which  encompnssos  the  high  flow 
rates  desired  for  initial  tests  as  well  as  the  flow  rate  associated  with  the  total 
allowable  flow  for  Phase  I.  Additionally,  the  nozzle  exit  provides  the  high  injection 
velocities  desired  for  increasing  film-cooling  effectiveness. 

(u)  The  effects  of  heat  addition  to  the  uncoated  capillary 
tubes  of  both  sizes  were  evaluated.  The  fluid  bulk  temperature  is  increased  sub¬ 
stantially  by  heat  addition  over  the  6  in.  of  heated  length.  As  a  result,  the  film 
coolant  required  from  these  tubes  to  cool  the  convergent  portion  of  the  chamber  of 
the  throat  is  increased  from  those  values  previously  reported.  A  minimum  film- 
coolant  flow  rate  of  2k,J  Ib/sec  is  required  from  heated  0.0U5-in.-ID  tubes  as 
compared  with  13.8  lb/ sec  for  unheated  tubes.  The  minimum  required  from  the  heated 
0.05$-in.-Z0  tubes  is  20.5  Ib/sec.  The  effect  of  film  cooling  carryover  from  the 
fi^rst  injection  station  is  not  considered  in  these  numbers.  The  capability  of 
analyzing  the  effect  is  now  available  in  the  computer  program  used  for  these 
uialyses,  and  the  final  predicted  requirements  will  take  this  effect  into  account. 

(u)  The  maximum  flow  rate  available  through  the  0.055-ln.-ID 
tubes  is  25  Ib/sec  caapered  to  the  conservative  requirement  of  20.5  Ib/sec,  whereas 
the  maximum  available  through  the  0.0U5-in.-Il>  tubes  is  22  Ib/see  compared  to  the 
conservative  requirement  of  2k. J  Ib/sec.  This  situation  led  to  the  selection  of 
the  0.055-in. -ID  capillary  tube  for  use  in  the  first  capillaiy  tube  chamber. 

(u)  The  additional  consideration  of  the  heat  addition  to  the 
capillary  tubes  and  the  effect  of  the  resulting  outlet  velocity  and  temperature  did 
not  change  the  selection  of  a  point  8  in.  axially  downstream  of  the  injector  face 
as  the  location  for  the  second  point  of  film-coolant  injection. 
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XVIII,  B,  ARES  Thrust  Chambers  (cont.) 

c .  Heated'-Tube  Tests 

(u)  Heat-transfer  tests  were  conducted  to  determine  experi¬ 
mentally  the  heat-transfer  characteristics  of  nitroRcn  tetroxide  (NgOj,)  in  very 
small  tubes  at  ARES  combust ion -chamber  conditions.  Test  data  have  not  yet  been 
analyzed  and  therefore  will  be  included  in  a  future  report.  These  tests  will 
provide  information  as  to  the  feasibility  of  self-cooling  capillary  tubes  and/or 
a  microflov  liner.  The  effects  of  small  tube  diameter,  high  velocities,  high 
pressures,  and  high  bulk  temperatures  on  the  burnout  heat  flux  of  will  be 
determined. 


(u)  A  previous  investigation*  evaluated  the  burnout  heat 
flux  of  supercritical  using  0.13-to->0.^0-in.-ID  tubes  at  velocities  of  11  to 
180  ft/sec,  pressures  of  1700  to  CuOO  psia,  and  bulk  temperatures  of  100  to  28$*^F. 
Certain  prospective  ARES  chamber  designs  Include  very  small  tubes  (ID  as  small  as 
0.019  in.  for  the  microflov  liner)  in  vhich  velocities  to  600  ft/sec,  pressures  to 
SOOO  psia,  and  bulk  temperatxures  to  $00*F  are  expected.  Estimation  of  the  burnout 
heat  flux  at  these  conditions  from  the  existing  data  is  difficult.  Therefore,  a 
aeries  of  six  teats  vas  conducted  to  evaluate  the  relative  effects  of  these 
conditions. 


(u)  The  test  sections  vere  straight,  304  stainless-steel 
tubes  of  circular  cross  section  and  constant  flov  area.  Each  had  an  inside  diameter 
of  0.019  in.  and  a  wall  thickness  of  O.OO6  in. 

(u)  The  first  test  vas  essentially  a  repeat  of  the  flov 
conditions  at  which  burnout  vas  observed  previously  in  a  0.13-in. -ID  tube  (Test 
D-llO-LC-3,  reported  in  the  reference**).  The  results  of  this  test  should  indicate 
the  effect  of  the  small  tube  diameter. 

(u)  Subsequent  tests  simulated  flov  conditions  expected  in 
the  proposed  ARES  mieroflov-liuer  chamber.  These  conditions  correspond  to  total 
weight  flovs  up  to  30  Ib/seo  for  film-cooling  the  convergent  portion  of  the  chamber 
downstream  of  the  microflov  liner. 

(u)  Details  of  the  test  setup,  individual  test  conditions, 
and  results  will  be  documented  .at  the  completion  of  data  analysis. 


*  W.  R.  Thompson,  E.  L.  Oerry,  and  J.  F.  Harkee,  An  Experimental  Study  of  the  Heat 
Transfer  Characteristics  of  Witro^en  Tetroxide  at  Supercritical  Pressures. 
Technical  Memorandum  i83-61» -39 »  Aerojet-General  Cojnporation,  Azusa,  California, 
12  June  1964 
*«  Ibid 
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mix,  B,  ARES  Thrust  ChMber  (eont.) 

2.  Trsnspiretioa-Cooled  Chamber 

e.  Conperlson  of  the  Boundary  Layer  Mixing  Model  with 

the  Hatch  and  Papell  Film  Cooling  Model 

(u)  The  approach  made  in  determining  the  gas-side  convective 
boundary  conditions  was  to  consider  each  individual  platelet  as  a  distinctly 
separate  film-cooling  entity.  This  means  that  each  platelet  would  be  affected 
externally  only  by  the  fluid  which  had  passed  through  the  platelet  on  the  upstream 
side,  and  that  film-coolant  carryover  from  adjacent  upstream  platelets  would  not  be 
considered.  This  approach  is  admittedly  unrealistic,  but  was  necessary  to  keep  the 
hand  calculations  within  reason, 

(u)  The  currently  accepted  film-cooling  model  utilised  is 
that  developed  by  Hatch  and  Papell*.  It  evolved  from  a  very  simple  model  which 
basically  consists  of  an  adiabatic  flat  plate  on  y^ich  it  was  assumed  that  the 
coolant  film  exists  as  a  discrete  layer,  that  the  temperature  profile  in  the  coolant 
film  does  not  change  rapiyily  in  the  flow  direction,  that  the  temperature  gradient 
through  the  coolant  is  small,  and  that  conditions  are  uniformly  normal  to  the  flow 
direction.  It  can  be  readily  seen  that  few,  if  any,  of  these  restrictions  are  met 
for  the  conditions  assumed  in  the  ARES  analysis.  First,  the  chamber  surface  is 
exposed  to  a  very  severe  pressure  gradient  and  is  not  at  all  adiabatic  from  the 
standpoint  of  an  individual  platelet  regardless  of  how  small  the  energy  loss  from 
the  mainstream  to  the  individual  platelets  is  relative  to  the  total  tnwgf  existing 
within  the  mainstream.  Furthermore,  when  this  model  is  used,  the  temperature  does 
change  rapidly  in  the  flow  direction  over  an  individual  platelet  and  the  temperature 
difference  in  the  flow  direction  is  equivalent  to  that  normal  to  the  flow  direction. 
The  extent  to  which  this  model  is  forced  can  be  appreciated  when  one  considers  that 
on  the  average  the  boundary  layer  momentum  and  the  thermal  thicknesses  are  of  the 
same  order  of  magnitude  as  the  width  of  an  individual  platelet. 

(u)  The  heat-transfer  coefficients  between  the  mainstream  and 
the  coolant  were  taken  from  the  ABES  regeneratively  cooled  chamber  analysis  for  which 
heat-transfer  coefficient  factors,  or  Barts  factors,  were  applied  ranging  from  1.5 
within  the  cylindrical  portim  of  the  chamber,  varying  with  chamber  diameter  to  a 
factor  of  1.0  at  the  throat  section  and  tlurough  the  divergent  section.  These 
heat  •'transfer  coefficients  do  not  take  into  account  the  thermodynsmic  properties 
associated  with  the  mass  addition  of  the  Hg0i|  into  the  mainstream.  The  heat-transfer 
coefficients  assumed  to  exist  between  the  coolant  and  the  wall  are  the  same  as  those 
assumed  between  the  hot  gas  stream  and  the  coolant  stream,  exept  that  no  heat-transfer 
coefficient  factors  are  applied.  Figure  XVIII-1  shows  in  schematic  form  the  relation¬ 
ships  of  the  hot-gas  convective  exchange  with  the  platelet. 


*  J.  !k.  Batch  and  8.  8,  P^peXl,  Use  of  a  Theoretical  Flow  Model  to  Correlate  data 
for  Film  Cooling  or  Iteati^  an  Adiabatic  Wall  by  Tangential  Injection  of  Gases  of 
different  Fluid  ProowtiesT  ilASA  Til  D-130.  Bov.  1959 


I 
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mil,  B,  ARES  Thrust  Chamber  (cont.) 

(u)  Figure  XVI1I--2  shovs  results  typical  of  the  Hatch  and 
Papell  film>coollng  model.  The  first  group  of  curves  indicates  the  differences 
in  the  effective  film  temperature  for  a  constant  initial  film  tenperature  and  verious 
Baurts  factors.  The  second  group  of  curves  shovs  the  difference  in  the  effective  film 
ten^ratiure  predicted  for  a  constant  Barts  factor  of  1.5  and  various  initial  film 
temperatures.  Since  the  one-dimensional  conduction  model  requires  a  constant  film- 
tcaaperature  input  as  one  of  the  thermal-boundary  conditions,  the  "Beta  Curves"  are 
integrated  over  the  platelet  surface  for  an  average  effective  film  temperature. 
Modifications  to  the  existing  film-cooling  program  to  provide  a  direct  printout 
of  the  average  effective  film  temperatures  are  being  made. 

(u)  Since  the  Hatch  and  Papell  film  cooling  model  is  funda¬ 
mentally  an  empirically  adjusted  control-volume  energy-balance  approach,  it  was 
decided  to  utilise  an  approach  idiich  vould  take  into  accoxmt  the  physical  charac- 
toristics  of  the  boundary  layer  and  paradoxically  neglect  the  coolant  carryover 
from  t’pstream  adjacent  platelets.  The  analysis  chosen  vas  that  advanced  by  Stollery 
and  Kl  Ehvr;,ny*  Siodified  by  LaBots**  to  extend  the  range  of  Reynold's  number  for 
vhich  it  could  be  applied. 

(u)  This  boundary-layer  mixing  model,  as  it  vill  be 
referred  to,  considers  the  mass  profile  of  the  boundary  layer  and  differentiates 
as  to  Its  composition.  The  total  mass  of  the  injected  coolant  is  as)»:«ted  to  remain 
vithln  the  boundary  layer,  and  the  difference  betveen  this  quantity  and  that  pre¬ 
dicted  for  the  entire  boundary  layer  is  assumed  to  be  entrained  from  the  mainstresm 
flow.  The  analysis  further  assumes  that  the  temperature  of  this  resultant  mixture 
is  obtained  by  means  of  an  vwei''gy  balance  betveen  the  injected  coolant  and  the 
entrained  mainstream  gas  required  to  satisfy  a  mass  balance  cn  the  boundary  layer. 

The  effect  of  pressure  gradient  is  not  considered  in  this  analysis,  but  can  be 
included  Vhen  the  hietory  of  the  entire  boundary  layer  is  to  be  considered. 

(u)  Stollery  and  El  Ehvaxiy  assume  that  the  mass-velocity 
pover  lav  holds  to  the  1/7  pover  to  give  the  relationship: 

The  mass  flow  rate  in  the  boundary  layer  is: 


*""*  jV  L.”  Stollery  and  A.  A.  N.  El  Xhvany  "A  Xote  on  the  Use  of  a  Boundary-Layer 
Model  for  Correlating  Film  Cooling  Data",  lot.  Jounr.  of  Heat  Mass  Transfer. 
Vol.  8,  pp  55-65,  1965 

**  R.  J.  LaBobs,  "Boundary  Layer  Nixing  Analysis*  Wipublished  Correspondence, 
Department  96^8,  LRO,  Aerojet-Oeneral  Corporation. 
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XVIII,  B,  ARES  Thrust  Chamber  (cont.) 
substituting  (Eq  1)  into  (Eq  2)  and  integrating. 


6 


LaBots  now  solves  for  the  boiundary-layer  thickness  in  a  more  general  manner  so  as  to 
avoid  the  restrict lor4R  ii^posed  by  the  relationship  used  by  Stollery  and  El  Ehvany: 

-1/S 

namely,  6  ■  0.37  X  Re,,  ,  and  the  1/7  power  velocity  law. 

(u)  LaBots  follows  Sehlichting‘8  develojanent*  of  the 
velocity  distribution  as  a  function  of  the  Blasius  lav  of  friction  which  is  applicable 
to  both  the  fully  developed  turbulent  flow  in  a  pipe  and  the  turbulent  flow  along  a 
flat  plate.  From  this  basic  lav,  generalised  relationships  between  the  friction 
velocity  and  other  flov  parameters  are  developed.  Then,  the  wall  shear  stress  is 
related  to  the  growth  of  the  bounday-layerwaomentum  thickness  and  subsequently,  the 
ratio  of  momentum  thickness  to  boundary-layer  thickness  for  a  flat  plate  with  a 
generalized  profile  is  developed.  After  some  substitution  and  rearranging,  LaBotz 
arrives  at  a  generalized  expression  for  the  boundary-layer  thickness 


Sii. 
4.  X‘'*5 


r  2n 

2  1 

_  c 

f  p„  1 

n+1 

L  (n+3)(n4-2) 

i 

where  n  is  an  exponent  in  the  dimensionless  velocity  profile  and  is  a  function  of 
the  Reynold *s  number  referenced  to  the  chamber  diameter.  Cq  is  a  function  of  n 
and  is  given  on  Page  ^07  of  Schllchting* .  X  is  the  distance  downstream  of  the 
coolant  infection  slot. 


ship  is  now 


(u)  LaBotz ’s  fora  of  the  boundary  layer  mass  relatlon- 
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where  C  is  a  constant  (0.62)  employed  to  bring  the  results  mors  in  line  with  experi¬ 
mental  data. 


^  8.  Sc^inekting  Iteundary  Layer  Theory.  McGrav  Hill,  Fourth  Edition,  Hew  York, 
i960,  p.  506. 
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XVIII,  B,  ARES  Thruat  Chamber  (cont.) 

(u)  The  analysis  nov  considers  that  the  mass  within  the 
boundary  layer  which  is  entrained  from  the  mainstream  is: 

«.  ■  K 


rorthermore,  an  energy  balance  on  a  small  section  of  the  boundary  layer  yields: 


<^Fi  ‘^c 


C_) 

J2£-. 


\  '\l,  -  «c> 


c  pc 


<SbL  -  Sc  )  C 


SB. 


f  (X) 
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(u)  T-  can  be  plotted  as  a  function  of  the  distance  along 
the  platelet  in  a  manner  similar  to  that  of  Hatch  and  Papell.  Figure  XVIII-2  shows 
a  comparison  of  the  bo>U)dary*layer  mixing  model  with  the  Hatch  and  Papell  model  for 
similar  conditions.  It  can  be  seen  that  the  integrated  average  of  the  boundary** 
layer  mixing  model  conpares  quite  well  with  the  Hatch  and  Papell  modal  employing 
a  1.3  Barts  factor »  which  is  the  design  value.  However,  in  the  thi'^at  region,  a 
difference  of  some  1%%  is  predicted,  with  the  boundary-layer  mixing  model  indicating 
the  higher  wall  temperatures  for  a  given  coolant  flow  rate. 


(u)  It  is  Inappropriate  to  consider  whether  the  boundary- 
layer  mixing  model  is  more  realistic  than  the  Hatch  and  Papell  film-cooling  model 
in  predicting  the  wall  temperatures  that  will  occur  for  a  given  flow  rate  since 
neither  analysis  Includes  the  effect  of  coolant  carryover.  It  is  believed  that  if 
the  total  boundary-layer  history,  Including  carryover,  were  considered,  the  boundary 
layer  mixing  model  would  provide  the  most  realistic  approach  to  the  problem  solution 
Some  treatment  of  the  effort  of  coolant  carryover  similar  to  that  which  is  advanced 
by  Sellers*  would  be  a  good  first  approach  to  the  problem.  Ultimately,  a  compre¬ 
hensive  boundary-layer  analysis  is  required  which  will  consider  the  total  boundary- 
layer  history  of  mass  transport  and  chemical  reaction.  The  other  and  perhaps  more 
expedient  approach  is  to  obtain  valid  data  and  empirically  determine  correlative 
relationships  between  the  mass  transfer  to  the  boundary  layer  and  the  resultant 
wall  temperatures,  hopefully,  valid  data  in  conjunction  with  mere  realistic  hydro- 
drynamic,  thermal,  and  chemical  reactive  models  will  provide  the  best  solution  to 
the  heat-transfer  analysis  of  this  advanced  cooling  concept. 


b.  Radial  Wall-Temperature  Dlstribuvion 
(1)  O.OSl-in.  Platelets 

(u)  Figure  XVIII-3  shows  the  radial  wall-temperature 
distribution  calculated  using  the  advanced  thermal  model  shown  in  Figure  XVIII-I 


^  J.  P.  Seiiers,  Jr.  ^^Oaseous  Film  Cooling  with  Multiple  Inspection  Stations," 
AIA4  Journal,  Vol  I,  Ho.  9,  Sept.  1963 
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XVIII,  B,  ARES  Thrust  Chamber  (cont.) 

for  0.021>in.  platelets  located  vithin  the  cylindrical  chamber  section  operating 
with  coolant  flow  rates  which  establish  surface  temperatures  of  1300  and  l630°F. 

The  plot  gives  the  metal  temperature  as  a  function  of  the  distance  into  the  platelet 
from  the  hot  gas  side.  It  can  be  seen  that  the  thermal  influence  sone  is  a  scant 
0.230  in.  into  the  platelet  from  the  hot  gas  side,  ^ich  means  that  there  is  a  very 
short  time  available  for  the  internal  coolant  beat  exchange  to  take  place.  This 
delineates  the  need  for  a  material  of  high  conductivity  to  obtain  a  less  steep 
temperature  profile  and,  as  a  result,  to  extend  more  deeply  into  the  platelets 
for  greater  thermal  effectiveness. 

(2)  0.011-in.  Platelets 

(u)  Figure  XVIII-U  shows  the  radial  temperature  distri¬ 
butions  for  three  arbitrary  surface  temperatures  of  1900,  1300,  and  llOO^F  for 
0.011-in,  platelets  located  vithin  the  throat  region.  The  thermal  influence  sone 
is  only  about  0.130  in.  for  all  three  surface«>temperature  conditions.  The  coolant 
flow  rates  and  temperature  rises  vithin  the  platelets  in  the  throat  region  reflect 
the  very  short  thermal  influence  sone  available  for  energy  transfer. 

(3)  Radial  Temperature  Distribution  of  0.021-in. 

Instrumented  Platelet  Located  in  the  Throat  Region 

(u)  Figure  XVlXl-4  also  shows  the  radial  ten'perature 
distribution  vithin  a  0.021-in.  platelet  located  at  the  throat  vith  a  maxiuu.’:'  flow 
metering  platelet  indexed  at  the  Number  1  location,  experiencing  the  same  effective 
gas-recovery  temperature  as  the  adjacent  O.OU-in.  platelets  operating  at  a  surface 
temperature  of  1900^P,  The  corresponding  surface  temperature  of  the  0.021 -in. 
platelet  would  be  2173”F.  It  can  be  seen  that  there  is  a  substantial  longitudi.. - 
temperatwe  gradient  (over  130*F)  between  the  0.011-in.  and  the  0.021-ln.  platelet  . 
This  means  that  the  instnmented  platelet  vlU  record  temperatures  in  e%cess  of 
these  the  0.011-in.  platelets  should  be  experiencing,  but  lower  than  that  tdiicb 
would  exist  in  the  0.021-in.  platelet  if  it  were  thenoally  isolated  from  the 
cooler  0.011-in.  platelets.  The  actual  deviation  in  recorded  temperature  within 
the  0.021-io.  platelet  from  the  adjacent  O.OU-in.  platelets  must  be  determined 
by  a  more  comprehensive  analysis  ^ich  would  allow  both  radial  and  longitudinal 
conduction  effects. 


e.  Hydraulic  Analysis 

(u)  The  hydraulic  analysis  described  in  the  previous  quarterly 
report  is  summarised  in  Figures  XVIIZ-3,  -6,  and  -7,  which  show  pressure  drop  as  a 
function  of  RpOi^  coolant  flow  rate  for  each  of  the  twelve  compartments. 

(u)  Figures  XVIlI-3  through  7  also  indicate,  for  each  indi¬ 
vidual  flow-control  compartment,  the  point  at  which  the  transition  from  laminar  to 
turbulent  flow  can  be  expected  to  begin.  These  transition  points  are  given  for 
both  the  primary  and  secondary  metering  passages  and  are  indicative  of  the  flow 
regime  existing  in  the  Number-1  index  position  for  all  compartments  vith  the  excep¬ 
tion  of  Compartment  9,  for  idiich  the  transition  point  is  for  flow  conditions  vithin 
platelets  oriented  in  the  Number-2  index  position. 
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mil,  B,  ARES  Thrust  Chanhsr  (cont>) 

d.  Tri>Chloro«thylsne  Flov  Requirsments  for  Rsynold's  Number 
Similarity  with  N20l» 

(u)  Because  the  prototype  chamber  will  be  flov  tested  with 
trichloroethylene  as  the  working  fluid,  it  is  desirable  to  know  the  normalising 
flow  relationships  between  the  two  fluids.  Since  the  transition  from  laminar  to 
turbulent  flov  will  probably  be  reached  during  the  first  firing  it  is  desirable 
to  know  at  what  nominal  Reynold's  number  the  transitory  flov  occurs.  This  can 
be  done  if  the  R^nold's  number  range  anticipated  with  is  duplicated  with 
tri>chloroethylcne.  For  Reynold's  number  similarity 


Re  « 


2*  ' 

2^ 

m(a+b}  J 

uCaVb) 

C2HCL3 


Since  the  fluid  flov  passages  are  identical  in  both  cases,  Reynold's  number 
similarity  requires  that: 


CgHCl^ 


^CgKCl3 


Figure  XVXXI-8  gives  the  trichloroethylene  flov  rates  required  to  duplicate  the 
Reynold's  number  range  that  will  be  characteristic  of  the  predicted  K20)> 
rates.  i 


found  to  be 


(u)  For  an  equal  pressure  drop  the  relative  flow  rates  are 


*cf*  2aV 


(fRe) 


since  the  geometry  and  the  geometry-related  factors  are  constant. 


and 


it  4i»l 

P  j  *  I  P  /  CgHCl^ 


CgHCLj 


is  the  weight  flov  relationship  for  equal  pressure  drop  for  the  two  fluids. 
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XVIII,  B,  ARES  Thrust  Chawber  (coat.) 

e.  Thermocouple  Locations 

(1)  Radial  Locations 

(u)  Based  upon  the  platelet  radial  t«nperature  distri¬ 
butions  it  vas  decided  to  locate  the  thermocouple  Junctions  at  the  hot  gas  surface, 
0.010  and  0.050  in.  below  the  hot  gas  surface.  There  will  be  a  total  of  72  thermo¬ 
couples  of  which  57  will  be  surface  Junctions,  ten  will  be  0.010  in.  below  the 
surface,  and  five  will  be  0.050  in.  below  the  surface.  For  any  given  test,  Uo 
of  the  72  thermocouples  will  be  recording  data  due  to  availability  of  test  area 
instrumentation  channels. 

(2)  Axial  Locations 

(u)  With  respect  to  the  chamber  rucial  location,  special 
0.021-in.  platelets  with  six  thermocouples,  oriented  in  multiples  of  60°  intervals 
peripherally,  separate  each  flow-control  compartment.  One  exception  to  the  60° 
peripheral  orientation  is  made  for  the  instrumented  platelet  separating  compart¬ 
ments  2  and  3.  The  reason  for  this  anomaly  is  to  obtain  midpoint  and  onpoint 
spacing  of  the  thermocouples  with  respect  to  the  injector  fuel  discharge  pattern 
for  either  a  12-sector  or  a  32-sector  injector  configuration.  The  thermocouples 
will  be  nominally  located  opposite  a  central  flow  groove  of  a  flow  sector  except 
for  specific  dual-point  groove«land  installations. 

C.  THERMAL  BARRIER  DEVELOPMENT 


Sunaary  and  Conclusions 


a.  Recommended  Liner 


(c)  The  thermal  barrier  reconaaonded  for  the  first  ARES 
chamber  is  a  tungsten  cermet  of  the  following  composition  and  thickness  in  the 
as-sprayed  condition: 


Location 


Thickness, 


PriBMr  Layer  0.005 
Thermal  Barrier  0.020 
Topcoat  0.005 


b.  Illcoro-80  Substitution 


95W-5  Hicoro  80 

82W-12  2r0,-3  Hicoro  80  -  3  Si 

Si  2 


(c)  The  substitution  of  3)1  Nicoro  60  (82  Au-l6  Cu-2  Ki)  for 
2%  copper  previously  used  was  found  to  provide  equivalent  oxidation  resistance  and 
will  resist  corrosion  attack  between  test  firings  from  residual  N20i4  absorbed  into 
the  liner. 
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XVIIX,  C,  Theraad  Barrier  Development  (cont.) 

c .  Brace  Bonding 

(c)  Brace  bonding  of  the  tungsten  cermet  thermal  barriers  in 
Inconel  7l8  ''as  accomx>lished  in  a  braze  treatment  of  2  hr  in  vacuum  at  1730°F»  as 
illustrated  in  Figures  XVXII-9  and  -10.  An  excellent  bond  is  achieved  by  dif^sion 
of  the  gold  through  zhe  pores  of  the  liner  into  the  surface  of  the  Inconel  718. 

An  additional  layer  of  liner,  which  is  desiliconized,  was  found  necessary  for  pre¬ 
venting  embrittlement  of  the  bond  zone  during  the  braze  cycle.  Unfortunately,  the 
Inconel  718  cannot  be  aged  prior  to  brasc-bondlng  the  liner  and,  in  the  composi¬ 
tions  studied,  the  aging  treatment  of  0  hr  at  1350®F,  furnace-cooling  to  1200®F, 
and  20  hr  total  time,  caused  embrittlement  of  the  bond  zone  between  primer  layer 
and  the  thermal  barrier.  Consequently,  at  this  time,  braze  bonding  is  not  recom¬ 
mended  for  ARES  Inconel  718  chambers.  It  is  believed  that  braze  bonding  on 
stainless-steel  or  Hastalloy-X  chambers  will  be  practical  with  some  additional 
development . 


d.  Hastelloy  X 

(c)  Sprayed  ilastelloy  X  was  found  to  possess  insufficient 
bond  strength  to  Inconel  7l8  for  use  in  the  ARES  chamber.  Braze-bonding  of 
liastelloy  X  to  Inconel  718  resulted  in  some  improvosent,  but  not  enough  to  recom¬ 
mend  its  use.  The  primer  coat  contained  9%%  Hastelloy  X  and  Hicoro  80.  It  is 
now  believed  that  a  primer  coat  of  93  MO-3  Hicoro  80  or  93W-5  Nicoro  80  would 
result  in  a  better  bond  since  the  gold  alloy  is  insoluble  in  the  molybdenum  and 
tungsten  and  would  diffuse  preferentially  to  the  Inconel-718  bond  zone  as  it  does 
with  the  tungsten  cermet  liners.  As  it  was,  the  gold  diffused  into  the  hastelloy  X 
matrix  without  concentrating  at  the  It.onel  718  bond  zone. 

e .  Topcoat  Improvement 

(c)  The  braze-bond  cycle  of  2  hr  at  1750®F  did  not  cause 
significant  diffusion  of  the  silicon  topcoat  into  the  thermal  barrier,  and  a 
hoped-for  improvement  in  oxidation  protection  from  this  treatment  failed  to  occur. 
Torch-fusing  of  the  silicone  topcoat  either  with  or  without  a  furnace-braze  cycle 
did  not  improve  these  properties.  A  topcoat  composed  of  70  Si-30(Au-6Si  euiectic) 
also  did  not  significantly  improve  oxidation  protection  in  as-sprayed,  braze- 
bonded,  torch-fused,  or  torch-fused  and  brase-bonded  conditions.  Further  studies 
of  topcoat  improvaeent  are  recommended  as  the  best  way  to  gain  oxidation  resistance. 

f.  Plasma-Process  Improvement 

(u)  Experiments  were  conducted  with  the  objective  of  increas¬ 
ing  the  strength  of  the  deposit  by  raising  the  impingement  velocity  of  the  particles. 
Various  powder-feed  port-injection  methods  were  Investigated,  which  fed  the  powder 
into  the  plasma  at  angles  close  to  the  direction  of  the  flame  rather  than  at  the 
conventional  right  angle.  The  idea  was  to  raise  the  initial  velocity  of  the  parti¬ 
cles.  Also,  a  tungsten  nozzle  shroud  was  used  to  restrict  the  expansion  of  the 
plasma  to  raise  impingement  velocities  and  to  reduce  overspray.  The  near-parallel 
injection  had  a  secondary  purpose  of  eliminating  deposit  buildup  on  the  tungsten 
nozzle  by  aiming  the  powder  down  the  center  line. 
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XVIII,  C,  Thermal  Barrier  Development  (cont.) 

(u)  Povder  buildup  on  the  tunf(sten  nozzle  vas  a  major 
problem  which  was  not  solved.  The  most  promising  means  for  eliminating  the 
buildup  would  consist  of  using  a  water-cooled  feed  port  of  sufficient  miniaturi¬ 
zation  and  cooling  to  feed  powder  along  the  center  line  of  the  flame.  In  bend 
tests,  the  strongest  coating  was  obtained  by  spraying  the  powder  through  a  water- 
cooled  feed  tube  at  an  impingement  angle  of  l6°,  from  a  distance  of  about  0.1^0  in. 
from  the  center  line  of  the  flame.  However,  the  deposition  efficiency  with  this 
arreuigement  was  too  low.  At  this  time,  right-cmgle  powder  injection  is  recommended 
for  regeneratively  cooled  Chamber  SN-1. 

(u)  A  means  was  devised  for  continuously  cleaning  part  of 
the  overspray  contamination.  The  device  consists  of  a  copper  tube  bent  into  a 
l.!?-in.  ID  ring,  moxmted  1/2  In.  from  the  chamber  surface  and  drilled  with  a  series 
of  holes  pointed  at  the  coating  at  a  angle  away  from  the  flame.  Argon  gas 
at  100  psig  continuously  blows  loose  powder  and  dust  from  the  region  of  the  flame. 
Bend  tests  shoved  some  strength  improvement  and  this  technique  is  therefore  recom¬ 
mended  for  the  fabrication  of  ARES  chamber. 

2.  Discussion 

(u)  A  series  of  three-tube  thermal  shock  tests  and  a  series  of 
bend  tests  were  completed  to  late  in  the  quarter  to  be  Included  in  this  report. 
These  recent  tests  are  significant  and  were  sunmarized  in  Paragraph  1,  above. 
However,  it  is  felt  that  a  complete  discussion  of  earlier  results  at  this  time 
would  be  lacking  in  meaning  and  continuity.  Therefore,  a  very  brief  summary  of 
the  earlier  work  is  shown  in  Figures  XVIII-9,  10,  -11,  and  -12. 

(u)  Complete  documentation  of  the  thermal -barrier  development 
work  for  the  past  quarter  will  be  included  in  the  next  queurterly  report, 

D.  COMPONENT  DESIGN  SUPPORT 
1.  Advanced  TPA 

(u)  An  analysis  was  conducted  to  predict  the  temperature 
distribution  in  a  portion  of  the  B-design  housing  adjacent  to  the  stator  blades. 
Isothermal  plots  are  presented  in  Figures  XVlIl-13  and  l4  for  20-sec  firing 
duration  and  thermal  steady-state  conditions,  respectively. 

(u)  The  boundary  conditions  used  in  the  analysis  of  the  stator 
are  shown  schematically  in  Figure  XVIII-1$,  The  heat-transfer  coefficient  in  the 
curved  annulus  (upper  left  in  Figure  XVIII-1^)  was  calc\U.ated  on  the  basis  of  an 
N20i4  flow  rate  of  39.3  gal/mln.  The  discrete  holes  shown  by  a  dotted  line  in  the 
figure,  leading  from  the  curved  annulus  to  the  shaft,  were  ignored  for  this 
analysis  due  to  their  localized  cooling  effect. 
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XVIII,  D,  Coaponent  Design  Support  (cont.) 

(u)  The  calculation  of  the  heat-transfer  coefficient  between  the 
housing  and  the  liquid  N2^1;  flowing  along  the  shaft  and  based  on  a  velocity  equal 
to  half  the  tangential  velocity  of  the  shaft.  However,  in  the  plenum  inboard  of 
the  nozzle  stator,  the  heat-transfer  coefficient  was  assumed  to  vary  over  a  wide 
range.  There  is  considerable  uncertainty  regarding  the  velocity  of  the  fluid  in 
this  area  due  to  the  relatively  large  annular  gap  and  also  due  to  the  effect  of 
the  stationary  bolt  heads  protruding  into  the  plenum.  Therefore,  the  most  conser¬ 
vative  conditions,  that  of  free  convection,  were  assumed  for  the  outboard  wall  of 
the  plenum,  as  indicated  in  the  figure.  As  the  fluids  approach  the  restricted 
door  area  adjacent  to  the  ttirbine  hub,  it  was  assumed  to  again  accelerate  to  a 
velocity  equal  to  one-half  the  tangential  velocity  of  the  shaft. 

(u)  The  calculation  of  the  heat-trsnsfer  coefficient  between  the 
liner  and  the  housing  was  based  on  a  gas  velocity  of  1  ft/sec.  This  is  believed 
to  be  conservative  because  no  continuous  flow  path  exists  behind  the  liner.  The 
toaperature  in  this  area  was  assumed  equal  to  the  stagnation  temperature  of  the 
gas,  i.e.,  15P'' 'F. 

(u)  The  heat-transfer  coefficient  on  the  stator  hub  was  calculated 
in  an  identical  manner  as  for  the  rotor  bub.  That  is,  a  single  eoeiposite  heat- 
transfer  coefficient  was  calculated  to  represent  both  conduction  and  convection  to 
the  stator  hub.  Details  of  the  analysis  are  reported  in  Section  XIX,E,2  of  the  pre¬ 
vious  quarterly  report. 

(u)  The  convective  heat-transfer  coefficient  between  the  gas 
and  the  stator  hub  was  calculated  to  be  $000  Btu/ft^-hr  **R.  The  conductive 
coefficient,  representing  heat  transferred  between  the  blades  and  the  hub,  was 
calculated  to  be  3^50  Btu/ft^-hr-°R.  A  single  eonposite  coefficient,  representing 
both  convection  to  the  hub  and  conduction  through  the  blades  to  the  hub,  was 
calculated  to  be  U$2$  Btu/ft^-hr-^  using  the  area  weighting  technique  described 
in  the  previous  quarterly  report. 

(u)  The  average  recovery  temperature  on  the  blades  and  on  the 
hub  was  attuned  at  ItSl^F  based  on  a  stagnation  temperature  of  1$00°F< 

(u)  The  temperature  distributions  were  obtained  using  the 
thermal-analyzer  computer  programs.  The  interfacial  thermal  resistance  between 
adjacent  parts  have  been  ignored  for  this  analysis.  The  presence  of  the  bolt  and 
of  the  bolt  hole  was  Ignored,  i.e,  a  section  between  bolt  holes  was  analyzed. 

(u)  The  stator  was  composed  of  a  number  of  parts  made  from 
different  materials.  The  materials  are  identified  on  the  schematic  diagram  of 
Figure  XV1II-1$,  and  the  corresponding  physical  properties  ^ich  were  used  in  the 
thermal  analysis  are  tabulated  below: 
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XVIIl,  0,  Component  Design  Support  (cont.) 


Material 

Thermad 

Conductivity, 

Btu/ft-hr-®F 

Specific 
Heat , 
Btu/lb-®R 

Density 

Ib/in.^ 

Udimet  '|00 

12.0 

0.105 

0.286 

Inconel  718 

9.0 

O.lb 

0.296 

Hastelloy 

12.0 

0.10 

0.297 

Porous  Metal  (Primarily  Ni) 

0.79 

0.008 

0.161 

Teflon 

O.ll* 

0.25 

0.776 

(u)  The  results  of  the  transient  analysis  of  the  stator  indicated 
that  the  stator  huh,  with  a  relatively  small  mass,  reaches  stead-state  temperature 
very  quickly.  In  contrast,  the  adjacent  thicker  section  of  the  housing  has  not  yet 
reached  steady-state  temperature  after  20  sec.  The  latter  area  is  heated  primarily 
hy  convection  from  the  hot  gas  between  the  housing  and  the  flow  liner.  The  heat- 
transfer  coefficient  on  this  surface,  based  on  an  assumed  gas  velocity  of  1  ft/see, 
is  therefore  the  controlling  factor  affecting  the  temperature  in  the  housing. 

(u)  As  stated  previously,  there  was  some  uncertainty  about  the 
flow  velocity  along  the  liquid  side  of  the  arm  connecting  the  hub  with  the  main 
portion  of  the  housing;  therefore,  a  very  conservative  heat-transfer  coefficient  was 
used  along  this  surface.  The  results  of  the  analysis  of  the  stator  show  that  very 
little  heat  is  conducted  along  the  connector  arm  from  the  hub  to  the  housing. 

This  clearly  indicated  that  the  assumed  flow  conditions  in  the  N2O4  plenum  will 
not  materially  affect  the  temperature  distribution  in  the  vicinity  of  the  bolt 
holes  in  the  housing. 

(u)  The  thermal  gradient  in  the  stator  hub  is  minimised  by  a 
low-conductivity  porousHsetsl  strip  on  the  inboard  side  of  the  hub.  However,  the 
porous  metal  does  not  extend  around  the  corner  to  protect  the  end  surface  of  the 
hub.  Thermal  stresses  may  be  significant  in  this  localized  area  because  the 
temperature  on  the  exposed  surface  of  the  hub  is  as  low  as  lOO^F  compared  to 
ll»00®P  at  0.3  in. 

2.  Primary  Combustor  Fuel  Circuit  Pressure  Drop 

(u)  An  analysis  was  conducted  to  determine  the  circumferential 
variatioi  in  mass  flow  in  the  primary  fuel  injector  due  to  pressure  variations 
in  the  fuel  manifold.  The  results  of  the  anclysis  are  presented  in  Figure  XVIII-16 
and  are  based  on  a  nominal  pressure  drop  across  the  injector  of  400  pslg. 

(u)  The  fuel  enters  an  annular  manifold  through  a  single  pipe 
and  then  passes  through  the  injector  into  the  combustion  chamber.  The  mass  flow 
of  fuel  entering  the  chamber  varies  directly  with  the  pressure  in  the  manifold 
according  to  the  following  relationship: 
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XVIIl,  D,  Ccnponent  Design  Support  (coni.) 

W  f  V2g  PA^(Pm  "  Pq) 

» 

ii^ere:  V  ■  Loccd  mats  flow  r&te  of  fuel 

g  <•  Gravitational  constant 

■  Density  of  fuel 

A  ■  Area  of  injection  port 

.  Pr.Mur.  in  prlnuu-y  combustion  chsnbcr 

■  Local  pressure  in  fuel  manifold 

(u)  The  pressure  in  the  manifold  varies  circumferentially  around 
the  manifold  due  to  differences  in  fluid  velocity  and  also  due  to  friction  in  the 
manifold.  The  fuel  mass  flow  immediately  opposite  the  inlet  pipe  in  the  manifold 
is  considerably  higher  {^%)  than' the  mass  flow  rate  at  adjacent  locations  since 
the  former  will  be  exposed  to  the  total  pressure  in  the  pipe.  Adjacent  stations 
in  the  manifold  vill  see  a  lesser  pressure  due  to  the  loss  in  pressure  associated 
vith  the  90**  turn  at  the  mouth  of  the  feed  pipe. 

(u)  Ignoring  the  local  high  macs  flow  at  the  pipe  inlet »  which 
would  probably  affect  only  one  set  of  injector  holes,  the  maximum  variation  in 
mass  flow  rate  is  2^,  as  may  be  seen  from  Figure  XVIZI>16, 
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Advanced  Thermal  Model 
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DISTANCE  FROM  GAS-SIDE  SURFACE 
INCHES 


ARES  Prototype  Tranapimtion-Cooled  Chamber  Chamber  Wall  Tempe.'ature 

vs  Length  (Throat  Section) 
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COOLANT  FLOW  RATE:  LB/SEC 

Coolant  Pressure  Drop  vs  Flow  Rate*.  Compartments  4.  7.  9.  and  12 


Figure  XVHI-6 
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Coolant  Pressure  Drop  vs  Flow  Rate^.  Conpartments  <>.  8.  and  11 
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REGRESSION  RATE 
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Advanced  TPA  B>Design  Stator  Boundary  Conditions 
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m. 

RELIABILITY 


A.  NOBES»OP>rAILURE  ARALYSI8  (NOPA) 

(u)  An  eYoluetlon  of  mtbodg  for  Interlocking  the  tvo  fuel-control 
valvea  vaa  conpleted.  The  conelualona  vere: 

1.  No  Interlocka  aure  needed  in  a  minimun-coat  teat  program  uaing 
y»18ual  hardware,  A  aimple  valve«4ialfunetlon  ahutdovn  ayatem  la,  hoveYer» 
warranted. 


2.  To  minimise  the  riak  of  loaing  new  hardware,  an  interlock  dewiee 
abould  he  eonaidered.  A  mechanical  interlock  would  be  desirable  and  would  offer 
a  small  adwantage  over  a  eo^^arable  electrical  ayatem. 

(tt)  Work  was  continued  to  evalttate  module  failures  that  could  occur 
during  the  startup  and  shutdown  transients.  The  principal  modes  have  been  listed. 

B,  DESIGN  REVIEW 

(u)  An  investigation  vaa  conducted  to  detemine  the  compatibility  of 
DuPont  PR-llt3  AB  fluid  with  apace  radiation  environments  if  used  for  ARES  purge 
seals.  Baaed  on  infomation  currently  available,  this  fluid  will  withstand  radi¬ 
ation  encountered  during  extended  space  missions  without  the  foraation  of  insolu¬ 
ble  solids  or  sludge.  Some  reduction  in  viscosity  (less  than  89)  can  be  expected, 
end  some  volatile  products  may  be  foimed. 

(u)  A  representative  of  the  ARES  Reliability  Group  has  assumed  the 
fJIBnbi'bn  of  secretary  of  the  Design  Review  Ooanittee.  A  review  was  held  on  design 
‘"'lio^fieatioas  for  the  2D  nossle  with  the  representative  from  Reliability  acting  in 
this  capacity. 

C.  TEST-PLAN  RBVIEV 


(u)  Test  plans  for  the  primary  combustor  and  combustion  seal  have 
been  reviewed,  llie  review  eonsisted  of  comparing  expected  test  data  with  test 
ob4eetives  and  investigating  the  test  safety  measures  devised  for  preserving  the 
test  hardware. 

D.  TEST-DATA  REVIEW 

(u)  A  test  progrma  was  conducted  to  evaluate  explosive  '^elding  as  a 
method  of  Joining  the  up-flow  eobliag  tubes  to  the  thrust  chamber  flange.  The 
test  resists  indicated  that  this  Joining  process  will  yield  reliable,  leak-proof 
Joints.  A  report  was  issued  describing  in  detail  the  development  of  the  process 
for  this  particular  application. 
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m,  R«ll«bility  (eont.) 

E.  HAZIITAIXABILITY  ANALYSIS 

(u)  A  pr«llsinuy  rtport  on  ARES  aalntnina'bility  it  in  prtptrntion. 
Tht  rtport  vilX  be  distributed  to  tU  effected  design  groups  for  eossMintt. 

P.  RELIABILITY  FREDICTIOM 

(u)  Nelfunction  dete  fron  TITAN  end  Integreted  Cosponents  progrsBS 
vere  eceunuleted  to  estsblish  probabilities  of  occurrence  for  siailar  SMlfunctions 
in  ARES  ccaq^ents. 

(u)  Work  has  also  started  to  detemine  the  perfomance  reliability 
of  the  ARES  nodule.  This  perfomance  reliability  quantitatively  Masures  the 
probability  of  Meting  the  perfomance  goals  ealled>out  la  the  Work  Statenent. 

The  initial  objective  of  this  analytical  vork  is  to  detemine  idtether  nodule 
perfomance  requiremnts  can  be  satisfied  allovlng  for  perfonunce  variability  of 
najor  nodule  eaBq)oaents»  using  fuel">eontrol  valve  balancing  only.  Prelininary 
vork  consisted  of  revieving  quantiative  effects  (disuinsional  and  nondinensional) 
of  a  ttMber  of  independent  design  variables  on  key  perfomance  parmetera.  Reviev 
of  these  influence  coefficients  revealed  those  independent  design  parsneters  vhose 
variations  aost  significantly  influence  perfomance  variability. 
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(u)  Tbe  objective  of  the  Ari£  (Advanced  Rocket  Engine,  Storable) 
program  ie  to  demonstrate  the  engineering  practicality  and  the  performance 
characteristics  of  an  advanced  storable  propellant  modular  engine  mbodying 
high  chamber  pressure  and  the  staged-combustion  cycle. 


(u)  This  fourth  quarterly  report  describes  the  technical  accomplish¬ 
ments  of  the  reporting  period.  Generally,  the  period  vas  characterised  as  one 
in  vhieh  many  analyses  and  designs  were  completed,  fabrication  of  many  com¬ 
ponents  was  completed,  and  testing  vas  accelerated.  The  most  noteworthy 
accomplishaent  was  the  successful  hot  firing  of  two  different  modular  injectors 
using  the  intensifier  test  system. 
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7k.  NUmBR  or  mrRRBMCni  lalar  Uw  lolal  tMaka*  at 
lataraacaa  citad  la  Ika  (apart. 

•a.  antTRACTOROIIANTNUiaiSIfc 
Ika  applleabta  aawka*  ot  Ika  eoalraci  a*  giaoi 
Ika  Nport  «••  wirtllaa. 

tk.  •(,  »  kd.  mOJXCT  NUMBKK:  EMo*  Ika  approprlala 
aUlllaiiy  d^iartaMai  Idatdlfleatlaa,  aiKk  aa  pta)^  miaAor. 
aalpiajaal  aapkat.  ayalo*  aaiktw.  laak  aao^ar,  ole. 

•a.  omOINATOfl'ailRrOflTNUiaiBIKB):  Brtadkaattk 
eial  (Opart  aaaika*  ky  oikick  Ika  dacaawai  oilU  ka  Idaotittad 
•ad  taaliallad  ky  ika  arlglaMlag  aelWIty.  Tkla  awaka*  OMat 
ka  aalaua  la  Ikta  (apart. 

9k.  OTHER  RBPOirr  NUMUmS):  It  Ika  rapart  kaa  k»M 
aaalgaod  aay  alka*  (apart  aaadioaa  fartko*  ky  (ka  artgtiiaior 
•(  ky  Ika  tpaaaaiX  alaa  aata*  Ikta  Moakwta). 

to.  AVAILAaiLtTY/LIMITATION  NOTICXR  BMat  aay  Ha* 
ilailoM  aa  tortkai  dtaaaadMlIm  at  tba  (apart,  olkai  Ikaa  ikaaal 


If  appeoartata,  aMw 
naal  aaao*  wklck 


Irtpoaad  by  aaovirlty  claaalticalkoa.  iialng  Maadaid  atataoiaaia 
awek  ••: 

(I)  “Qttatltlad  raguaataia  nay  obtain  roplaa  ot  tkla 
Nport  bon  DDC.“ 

(3)  "roiaign  aMtemcoaonl  and  diatonlaallon  ot  thla 

(Opart  by  ODC  la  ml  atHkortiaA  '*  * 

**U  t.  Qova(nr.onl  agaaclaa  nay  obtain  coslaa  ot 
tbia  taport  dt.  tly  tMn  ODC.  Otkor  ptallnod  DDC 
uaaia  akall  raguaal  Ikioogh 

_  pk 

(4)  "U.  &  nlllloiry  agaaclaa  nay  obtain  coploa  ot  tala 
(apart  dliacity  hoat  ODC  Otkat  ptallllad  uaata 
•hall  (aguaot  Ihiaugb 


($)  "AH  dlartlbotlnn  at  tkla  (apod  ia  conliollaA  Qaal* 
Itlad  DDC  oaara  akall  ia<|u**l  tluo.|gh 


If  Ika  (apart  baa  baan  tumlahad  to  tko  Otllcc  ol  Tacbnlcnl 
Boialcaa.  OapartnanI  at  Cannitta,  for  aala  lo  lha  public,  tndb 
cala  tWa  tael  and  aota*  Iho  prica.  It  kaawn 

It  tUTTLIMtinrARY  NOTM: 
laty  aatan. 

IX  RPONtORINO  MOUTARY  ACTtVITY:  Bator  ika  nana  o( 
Ika  daparttaanlal  proiact  otBco  or  laboratory  apoaoortag  (par’ 
<n(  tod  Ika  raaaarcb  and  davalopnant.  Inclnda  addraaa. 
ly  ASBYRACT:  Salar  oa  abalracl  giving  a  brtrt  aad  toclual 
•naHaaiy  at  lha  dacaawal  ladicatlua  at  iba  Nport.  avaa  iboogh 
It  nag  alaa  appaar  alacnbaw  In  Iba  body  ot  iho  tockalcal  n- 
part.  It  addlUanal  apaea  la  (agnliod.  a  contlanallon  obaal  ohall 
ba  attackad. 

It  ia  hi|kly  daaliakla  that  Ika  akaltact  at  claaainod  laporia 
ka  nactaatinad.  Back  paiagoapk  at  Ika  cbairaci  akall  aad  «ltk 
•a  ladleallan  at  tha  nlUuiy  aacwrlly  claaaiftcallan  of  tko  U- 
tomolton  In  tko  yangioph.  Nproooalod  ao  (rs>.  (PJ.  ICt.  or  iU) 


Uoo  tor  addlltanai  aaplann 


Tbtra  lo  no  Unitotlon  on  tba  langlk  at  tha  abatiact.  Now- 
•var,  Iho  anggoQiod  laaglh  ia  hoat  ISO  to  33S  oroido. 

14.  BKY  VORDB:  Boy  aiordo  aio  tochnlcoily  notalagkil  tomo 
or  abort  phroaoa  that  ckaiaetoriaa  a  laport  pm4  nap  ba  naad  aa 
ladaa  annico  tor  ctlalaging  iko  Nport.  Boy  oioida  noal  bo 
oaloctod  ao  that  in  nacurily  claaaiftcallan  ia  Nnoliad.  Idaati. 
rian.  atick  at  agv.  .unanl  aradol  daalptallon,  uada  aaaw,  lallltary 
projocl  coda  naata.  gaagfapkic  locallon,  nay  ba  naad  aa  key 
wardo  knl  will  ho  failtottod  by  an  indication  of  icchMcol  con- 
Mat.  Tbt  naaignnani  of  linkt,  ntloa,  and  tNlgkla  la  optional. 


mill  AMU 

Sacuttly  Claaailiegtiort 


